




Two Warm-Season Turfgrass Responses to
Different Levels of Shade and Iron
Jacob William Taylor
Clemson University, jwtaylo@g.clemson.edu
Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for inclusion in All Theses by an authorized
administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.
Recommended Citation
Taylor, Jacob William, "Two Warm-Season Turfgrass Responses to Different Levels of Shade and Iron" (2019). All Theses. 3060.
https://tigerprints.clemson.edu/all_theses/3060
TWO WARM-SEASON TURFGRASS RESPONSES TO 
DIFFERENT LEVELS OF SHADE AND IRON 
A Thesis  
Presented to 
the Graduate School of
Clemson University 
In Partial Fulfillment 
of the Requirements for the Degree 
Master of Science 
Plant and Environmental Sciences  
by 
Jacob William Taylor 
May 2019 
Accepted by: 
Dr. Haibo Liu, Committee Chair 
Dr. Hong Luo 
Dr. Sarah A. White 
ii 
ABSTRACT 
Shade, an environmental stress, can potentially have negative impacts on warm-
season turfgrasses. Over shading has the potential to become problematic, leading to 
deterioration of turf quality and tolerance. Therefore, additional management practices 
may be implemented under shade to retain an acceptable turf quality and combat stress. 
Foliar applied iron (Fe) enhances turfgrass color and may potentially be implemented as a 
management practice to retain acceptable turf quality under shade. Therefore, objectives 
of this thesis were to investigate the responses of two warm-season turfgrasses to 
different levels of Fe under varying levels of shade under both greenhouse and field 
conditions. 
Field research was conducted in 2017 and repeated in 2018, on two warm-season 
turfgrasses to examine impacts of iron fertilization under full-sun and shade in the 
southern transition zone. ‘Diamond’ zoysiagrass [Zoysia matrella (L.) Merr] and 
‘Tifgrand’ bermudagrass (Cynodon transvaalensis Burt-Davy x C. dactylon) were grown 
on native clayey (Cecil sandy loam) soil at the Clemson University Research Plots in 
Clemson, SC, under full-sun and 40% continuous shade, and treated with four levels of 
foliar applied ferrous sulfate (FeSO4  H2O), control, 1 kg ha-1 Fe, 3 kg ha-1 Fe, and 5 kg 
ha-1 Fe. The research was broken down into four independent studies due to geographical 
differences in location, Diamond zoysiagrass under shade, Tifgrand bermudagrass under 
shade, Diamond zoysiagrass under full-sun, and Tifgrand bermudagrass under full-sun. 
Each study was assessed based on visual turfgrass quality (TQ), normalized difference 
vegetative index (NDVI), shoot chlorophyll index, clipping yield, shoot tissue nutrient 
iii 
concentrations, ash root biomass, total root and verdure biomass, and verdure bulk 
density. Fe treatments had the greatest impact on TQ compared to other parameters 
measured, observed to be significantly higher where Fe was applied but, short-lived on 
vigorously growing turfgrasses. Overall, Fe fertilization appears to be beneficial on turf 
grown under full-sun to moderate shade by enhancing turf color and quality. 
Two greenhouse studies were conducted at the Clemson University Greenhouse 
Research Complex in Clemson, SC, to examine the impacts of shade and iron fertilization 
had on two warm-season turfgrasses under greenhouse conditions. ‘Diamond’ 
zoysiagrass [Zoysia matrella (L.) Merr] and ‘Tifgrand’ bermudagrass (Cynodon 
transvaalensis Burt-Davy x C. dactylon) were grown in pure sand, under full-sun, 40%, 
and 60% continuous shade, and treated with three levels of foliar applied ferrous sulfate 
(FeSO4  H2O), control, 3 kg ha-1 Fe, and 5 kg ha-1 Fe. Turfgrasses were evaluated based 
on the parameters of visual turfgrass quality (TQ), normalized difference vegetative index 
(NDVI), shoot chlorophyll index, clipping yield, tissue nutrient concentrations, total root 
and verdure biomass, and total biomass. Turf cultivar and shade level significantly 
impacted TQ and NDVI most weeks; whereas, Fe only significantly impacted TQ most 
weeks. Diamond had consistently higher TQ scores than Tifgrand, both displayed 
acceptable TQ under light to moderate shade, and unacceptable TQ was only shown 
under 60% shade. Treatments of 3 and 5 kg ha-1 Fe were shown to produce higher TQ 
scores than the control, demonstrating that Fe fertilization may have beneficial impacts, 
improving TQ, of shaded to non-shaded turfgrasses.  
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Shade can potentially be very costly to the turfgrass industry. The turfgrass 
industry has an economic impact of $100 billion annually and covers more than 50 
million acres in the United States (Morris, 2005; Shearman, 2006). Within the United 
States, it is estimated that 25% of turf is grown under shaded conditions (Emmons and 
Rossi, 2016). Most turfgrasses have evolved to grow best in full sunlight, converting 
energy from the sun into chemical energy during photosynthesis (Gardner and Goss, 
2013). Shading can come from natural objects such as trees or artificial structures such as 
buildings and athletic stadiums. Over shading can be problematic leading to deterioration 
of turf quality and tolerance. Under shaded conditions additional management practices 
may be needed to retain an acceptable turf quality. 
Iron (Fe), a micronutrient, is used by turfgrasses in the structural components 
essential for the oxidation-reduction reactions in photosynthesis and respiration (St. John 
et al., 2013). Iron also plays a role in the synthesis of chlorophyll and maintenance of 
chloroplast structure and function (Synder et al., 2007; Rout and Sahoo, 2015). Because 
iron is a structural component of chlorophyll, turf color has been shown to improve after 
iron was applied (Stier and Gardner, 2007). Therefore, we hypothesize that when iron is 
applied to turfgrasses under full sun or shaded conditions, it may have positive impacts 






 Light energy from the sun is harvested through photosynthesis, largely 
contributing to the planet’s energy resources (Beard, 1973). Photosynthesis can be simply 
defined as synthesis of carbohydrates using light. Photosynthesis uses light energy to 
oxidize water releasing oxygen and reducing carbon dioxide to form carbon compounds 




 Most photosynthetic activity occurs in the mesophyll tissue of green leaves 
(Beard, 1973). Mesophyll cells contain chloroplasts, a specialized light-absorbing green 
pigment. Once absorbed, light energy is used to convert chemical energy to free energy 
and power electron transfer (Beard, 1973; Taiz et al., 2015). Electrons are used to reduce 
nicotinamide adenine dinucleotide phosphate (NADP+) to nicotinamide adenine 
dinucleotide phosphate (NADPH) and oxidize water (H2O) to oxygen (O2) (Taiz et al., 
2015). Some light energy absorbed is initially stored to form a pH difference across the 
thylakoid membrane, resulting in photosynthetic electron flow and proton translocation 
across the membrane (Taiz et al., 2015).  Thus, a proton gradient is formed, powering the 
synthesis of adenosine triphosphate (ATP). NADPH and ATP produced by light energy 
reactions are used for sugar synthesis in carbon fixation (Taiz et al., 2015). 
6CO2+ 6H2O → 6O2 + C6H12O6 








There are two main mechanisms for carbon fixation in plants known as the Calvin 
cycle and Hatch and Slack pathway (Hatch and Slack, 1966; Taiz et al., 2015). Plants 
using only the Calvin cycle for carbon fixation have a higher efficiency for 
photosynthetic utilization of light than plants using the Hatch and Slack pathway (Beard, 
1973; Taiz et al., 2015) 
Calvin Cycle 
 The Calvin cycle (Figure 2.1) or reductive pentose phosphate cycle, is the 
photosynthetic pathway used by C3 plants to reduce CO2 into carbohydrates, 
predominantly occurring in the chloroplasts (stroma) of parenchyma cells (Taiz et al., 
2015). There are three stages in the 
Calvin cycle carboxylation, reduction, 
and regeneration (Taiz et al., 2015). 
First, two molecules of 3-
phosphoglycerate are formed by the 
carboxylation of ribulose-1,5-
bisphosphate (RuBP, the CO2 acceptor). 
ATP and NADPH produced by light 
energy reactions are then used to reduce 
3-phosphoglycerate to the carbohydrate 
glyceraldehyde-3-phosphate (Taiz et al., 2015). Glyceraldehyde-3-phosphate either 
regenerates RuBP in conjunction with adenosine diphosphate (ADP) or produces sucrose 
or starch (Taiz et al., 2015). 
Figure 2.1. Illustration of the Calvin Cycle 
(Taiz et al., 2015). 
4 
 
Hatch and Slack Cycle (C4 Cycle) 
 The C4 photosynthetic carbon cycle (C4 cycle) or Hatch and Slack cycle is 
normally used by C4 plants for carbon fixation (Taiz et al., 2015). In contrast to C3 
photosynthesis, C4 photosynthesis requires cooperative effort from two photosynthetic 
tissues (Figure 2.2), the mesophyll 
and bundle sheath (Taiz et al., 
2015). Mesophyll cells fix carbon 
dioxide whereas; the Calvin cycle is 
carried out in bundle sheath cells. 
Mesophyll and bundle sheath cells 
are linked by plasmodesmata to 
create a pathway between the two 
cell types (Taiz et al., 2015).  
 There are four stages of the 
basic C4 cycle (Taiz et al., 2015). 
The C4 cycle starts in the mesophyll 
tissue with carbon dioxide being fixed through the carboxylation of phosphoenolpyruvate 
(PEP) to produce oxaloacetate (OAA). OAA is converted to another C4 acid (malate or 
aspartate) that is subsequently transported, via plasmodesmata, to the bundle sheath 
where decarboxylation occurs. Decarboxylation of the C4 acid generates CO2 and forms a 
C3 acid (pyruvate or alanine). The released CO2 enters the Calvin cycle where it is 
Figure 2.2. Simplified illustrations comparing 
the C3 photosynthetic pathway (A) to the C4 
photosynthetic pathway (B) (Miyao, 2003). 
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reduced to carbohydrate and the C3 acid formed is transported back to the mesophyll for 
regeneration of the CO2 receptor, PEP (Taiz et al., 2015).  
 Two features of the C4 cycle allow C4 plants to overcome detrimental effects from 
high temperatures (Taiz et al., 2015). High PEP carboxylase activity allows C4 plants to 
reduce stomatal opening size; thus, conserving water and fixing CO2 at similar or greater 
rates than C3 plants (Miyao, 2003). Concentrating CO2 into the bundle sheath cells, via 
decarboxylation of four-carbon acids formed in the mesophyll cells, also enables C4 
plants to suppress photosynthesis (Taiz et al., 2015; McCarty, 2018). Overall, these 
features help C4 plants to photosynthesize more efficiently than C3 plants at high 
temperatures (Marocco et al., 1998). 
 Even though C4 plants benefit from having a unique photosynthetic plant anatomy 
under certain conditions, such as high temperatures, more energy is required for C4 plants 
to maintain CO2 concentration gradients compared to C3 plants, which solely 
photosynthesize via the Calvin cycle (Taiz et al., 2015). Higher energy requirements to 
maintain CO2 concentration gradients may decrease a C4 plant’s ability to adapt under 
changing environments, such as reduced light (Taiz et al., 2015). C4 photosynthesis also 
requires the effective coordination between mesophyll and bundle sheath tissues, 
compared to C3 plants who require minimal coordination between photosynthetic tissues 
(Sage and McKown, 2006). The reduced ability of C4 plants to readily adapt to shaded 
environments or more specifically sun flecks, commonly found in heavily shaded 
environments, could be contributed to the space between where CO2 fixing reactions 
(mesophyll) and Calvin cycle (bundle sheath) take place (Horton and Neufeld, 1998). 
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Light is not only an important factor for energy used to maintain CO2 concentration 
gradients but also key in regulation of the C4 cycle enzymes PEPCase, NADP-malate 
dehydrogenase, and pyruvate-phosphate (Taiz et al., 2015).  
Shade 
 Shade, an environmental stress, may negatively impact turfgrasses. Sunlight is 
vital for photosynthesis and plant hardening. Having adapted over millions of years to be 
grown in full sunlight, most warm-season (C4) turfgrasses require full sun to meet their 
light compensation point (Gardner and Goss, 2013; McCarty, 2018). Stier and Gardner 
(2007) define light compensation point as “the intensity of light at which the rate of CO2 
uptake equals the rate of CO2 release by respiration.” Not achieving the light 
compensation point under shaded conditions can lead to turf deterioration because 
photosynthetic rates are lower, reducing total nonstructural carbohydrates, resulting in 
thinning of the turf (Stier and Gardner, 2007: McCarty, 2018). 
Warm-season turfgrasses are C4 plants that require more sunlight and have a 
higher energy demand to carryout photosynthesis than C3 plants (Taiz et al., 2015). Under 
ideal conditions C4 photosynthesis is more efficient compared to C3 plants because C4 
plants use the enzyme PEP carboxylase for carbon fixation instead of the enzyme 
ribulose-1,5-biphosphate (RuBP) carboxylase (Sage and McKown, 2006; Taiz et al., 
2015). Often, adaptation by C4 plants to environmental changes is slow because of the 
photosynthetic path C4 plants follow, contributing to their poor adaption to shade (Sage 
and McKown, 2006; Aldahir et al., 2015).  
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Light quantity and quality, microclimate, and competition from trees and shrubs 
also impact turf grown in shaded environments (Beard, 1965; McBee and Holt, 1966; 
McBee, 1969). When grown in shaded environments, turfgrasses adapt through 
morphological and physiological changes. 
Light Quantity 
 The quantity of light, also referred to as photosynthetic photon flux density 
(PPFD), turfgrasses receive is significant to maintaining acceptable turf quality. PPFD 
can be defined as a measure of the number of photons occurring between light 
wavelengths of 400 to 700 nanometers (Stier and Gardner, 2007). Shirley (1945) found 
the PPFD to be 1900 µmol m-2 s-1 at solar noon during the summer solstice, June 21st, 
under clear conditions in the middle of the United States. Photosynthetic active radiation 
(PAR), is the waveband of light used by photosynthetic organisms from 400 to 700 
nanometers (Taiz et al., 2015). PPFD and PAR can be greatly reduced under shade. For 
example, PAR can be reduced to less than 5% of full sun irradiance (Gardner and Goss, 
2013). Enough light energy must reach the turf surface for photosynthesis to take place 
and meet the light compensation point. Detrimental impacts from not meeting the light 
compensation point can be contributed to respiration exceeding photosynthesis, resulting 
in the depletion of carbohydrate reserves used for respiration (Wilkinson et al., 1975).  
The intensity of light reaching a plant can vary depending on location, diurnal 
cycle, season, atmosphere conditions, cloud cover, plant organ and competition (Gardner 
and Goss, 2013). Light intensity has been estimated to be reduced by 96% with cloud 
cover and 90% with heavy smoke cover (Beard, 1973). Trees also reduce light intensity. 
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Overall reduction in light intensity under a tree’s canopy fluctuates depending on the leaf 
density and tree architecture (Beard, 1969). The amount light intensity is reduced varies 
depending on tree species, typically deciduous trees reduce light intensity more than 
evergreens (Gardner and Goss, 2013). As the tree’s canopy density increases closer to the 
trunk, penetration of light wavelengths through canopy decreases (McBee, 1969). 
Therefore, whether shade induced by trees will be detrimental to turf depends on tree 
species, architecture, location in relation to the trunk, and leaf density. 
Bunnell et al. (2005a) found ‘TifEagle’ bermudagrass [Cynodon dactylon (L.) 
Pers. × C. transvaalensis Burtt-Davy] required a Daily Light Integral (DLI) of 
approximately 32.6 mol m-2 d-1 to provide acceptable turf quality and concluded when the 
DLI approximately falls below 33 mol m-2 d-1 quality, growth, and metabolic responses 
decline. More shade tolerant species generally have lower light compensation points. The 
light compensation point of more shade tolerant plants range from 1 to 5 µmol m-2 s-1 
compared to less shade tolerant plants ranging from 10 to 20 µmol m-2 s-1 (Taiz et al., 
2015) The point at which additional light received cannot efficiently be used in 
photosynthesis and subsequently lost to radiation-less transfer is referred to as the light 
saturation point (Gardner and Goss, 2013). Cool-season turfgrasses are estimated to 
require 50% full sunlight to reach their light saturation point, compared to warm-season 
turfgrasses that require full sunlight (McCarty. 2018). Light quantity is very important 
and significantly impacts turfgrasses because a certain amount of light is required during 
photosynthesis for energy.  
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The time of day when shading occurs impacts turf differently. Turfgrass 
professionals have that stated in general, turfgrasses receiving afternoon shade are 
healthier than those receiving morning shade. Morning shade may be more detrimental 
due to prolonged periods of leaf wetness, therefore, increasing disease potential (Gardner 
and Goss, 2013). Turfgrasses may benefit from afternoon shade through having lower 
respiration and photorespiration rates. Bell and Danneberger (1999) found plots shaded in 
either the morning or afternoon had lower color ratings compared to plots exposed to full 
sun but higher color ratings than plants in continuous shade plots. Plots receiving either 
morning or afternoon shade had similar turf density to plots under full sun. Turf color, 
density, total nonstructural carbohydrates, and root mass did not show significant 
differences between morning and afternoon shade. Although Bell and Danneberger 
(1999) found no significant variations between turf grown under either morning or 
afternoon shade, it was noted plots had adequate air movement and no competition from 
tree roots in the study. When air movement is inadequate, or tree roots are present 
significant differences between morning and afternoon shade may be shown. 
A study done comparing morning, afternoon, and continuous shade on Tifway 
(Cynodon dactylon × C. transvaalensis germplasma) and TifGrand [Cynodon 
transvaalensis Burt-Davy × C. dactylon (L.)] bermudagrass found the total turfgrass 
cover of Tifway was reduced by 32 to 53% under continuous shade, 10 to 13% under 
morning shade, and 20 to 23% under afternoon shade (Aldahir et al., 2015). Total 
turfgrass cover of TifGrand ranged from 71 to 100% under continuous shade but was not 
reduced under morning or afternoon shade compared to full sun. Turf quality was only 
10 
 
reduced for Tifway under continuous shade and reduced by a lesser extent under morning 
and afternoon shade. TifGrand achieved and sustained maximum turf quality under 
morning shade, contradicting research stating morning shade was more detrimental 
compared to afternoon shade. Aldahir et al. (2015) concluded afternoon shade would be 
more detrimental to warm-season grasses due to the solar irradiance being at its highest 
and with humidity being lower thus, allows a greater concentration of light to reach the 
turf surface.  
In agreement with Aldahir et al. (2015), Jiang et al. (2003) also found afternoon 
shade to be more detrimental to turfgrasses than morning shade when also subjected to 
traffic stress. Jiang et al. (2003) compared effects of wear and wear plus soil compaction 
on ‘Sea Isle 1’ seashore paspalum (Paspalum vaginatum Swartz) under full sun, morning, 
and afternoon shade conditions. Morning and afternoon shade negatively impacted turf 
color, density, injury from traffic, and canopy reflectance indices compared to full sun 
treatments. Morning shade showed better color and density through higher normalized 
difference vegetation index (NDVI) values and a lower stress index. Jiang et al. (2003) 
concluded there would be greater injury from traffic on turfgrasses under afternoon shade 
versus morning shade. However, without traffic stresses turf quality of seashore 
paspalum was not noticeably affected under approximately 90% shade for up to 5 hours 
in the morning or afternoon (Jiang et al., 2003). This research shows turfgrasses may not 
be detrimentally impacted under temporarily shaded conditions either in the morning or 





 Light quality is just as important as light quantity for growth and development of 
turfgrasses and can be measured by the ratio of red light (600 to 700 nanometers) to far-
red light (700 to 800 nanometers). In particular, turfgrasses use red and blue wavelengths 
for light energy during photosynthesis.  Both chlorophyll a and b absorb light in the PAR 
spectrum of light (Stier and Gardner, 2007). Shorter light wavelengths are more 
important for turf grown in shaded environments, having a higher total energy, which 
decreases as wavelength increases (McBee, 1969; Stier and Gardner, 2007).  
A study done by Baldwin et al. (2009a) on the impacts of altered light spectral 
quality on warm-season turfgrass growth under greenhouse conditions found black shade 
was most detrimental followed by blue shade, then yellow and red shade being least 
detrimental to turfgrasses. Deciduous plants, in particular trees, reduce both quantity and 
quality of light reaching the turfgrass surface (Bell et al., 2000). Light filters through the 
tree’s canopy, inhibiting all light wavelengths passing through, in particular wavelengths 
in the blue spectrum (McBee, 1969). As shade density from the tree canopy increases, 
reduction of wavelengths in the blue spectrum is at its greatest (McBee, 1969). Buildings 
and artificial structures do not selectively filter and absorb light wavelengths in contrast 
to trees (Bell et al., 2000). 
To determine the quality of light for plant growth the red/far-red photon flux 
(R/FR) ratio is very important. When there are minimal impacts from cloud cover and 
climate conditions the R/FR ratio remains constant at 1.2 (Holmes and Smith, 1977). 
Under tree shade the R/FR ratio is typically lower at 0.05:1.15 compared to full sun but 
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can vary due to time of day and plant location (Hopkins and Huner, 2008). Beard (1973) 
stated R/FR ratios under deciduous trees shade were lower than ratios under coniferous 
shade. R/FR ratios are very important and are sensed by many plants through 
phytochrome photoreceptors, impacting their morphological responses to light 
differences (Gardner and Goss, 2013). 
Photomorphogenesis and Phytochrome 
Turfgrass plant shape determined by light conditions is known as turfgrass 
photomorphogenesis (Wherley, 2003; Gardner and Goss, 2013). Varying light conditions 
influence plant process such as germination, development, and morphology through 
photosynthetic and non-photosynthetic changes. Photomorphogenesis refers to the non-
photosynthetic influences on plant processes (Wherley, 2003). Photosynthetic photon 
flux (PPF) and red to far red (R:FR) ratio influence turfgrass photomorphogenesis 
changes under shade (Wherley et al., 2005). Increased tillering, leaf blade width and 
thickness, and chlorophyll content are a result of low PPF and high R:FR. Other 
characteristics, for example root mass, have been observed to be influenced more by PPF 
changes and not light quality.  
Phytochrome, a photo-reversible pigment, is directly involved in changes of 
photomorphogenesis (Beard, 1973). There are two isomeric forms of phytochrome, Pr 
and Pfr, exchanged by light energy (Hart, 1988; Gardner and Goss, 2013). Pr absorbs red 
light around 660nm and is inactive and stable versus the unstable and active form Pfr 
absorbing far-red light around 735 nm (Gardner and Goss, 2013). Adaptation to greater 
light ranges can be contributed to changes between Pr and Pfr. Conversion of Pr and Pfr 
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causes the activation of metabolic and physiological changes to occur within plants 
(Grant, 1997). Low light induces changes such as reduced tillering, elongation of stems 
and internodes, sparse canopy development, vertical orientation, and inhibition of 
germination (Casal et al., 1990; Grant, 1997). Plants not adapted to be grown under shade 
express greater responses initiated by phytochrome for shade avoidance (Morgan and 
Smith, 1979). 
Morphological Responses to Shade 
Once exposed to shaded conditions, morphological responses can begin to occur 
within 4 to 7 days (McBee, 1969). Responses include stem and leaf elongation, 
development of long, narrower leaf blades resulting in the reduction of leaf area and 
density, reduced tiller production and overall turf density, increased tiller and shoot 
angles, lower wear tolerance, root and rhizome decline, changes at the cellular level, and 
an altered leaf structure (Ericksen and Whitney, 1981; Gardner and Goss, 2013; McCarty, 
2018). As previously stated, the R/FR ratio is very significant for morphological plant 
responses to light.  
Low R/FR ratios induce etiolation and significantly lower absolute values of 
green plants tissues (Holmes and Smith, 1977; Ericksen and Whitney, 1981). The shade 
avoidance response in above ground plant tissues of etiolation or elongation can be 
contributed to a dramatic increase in gibberellic acid (GA) production (Tan and Qian, 
2003).  
Tan and Qian (2003) found reducing light intensity from 52 to 13% on three 
different Kentucky bluegrass (Poa pratensis L.) cultivars increased shoot elongation by 
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33% for ‘Kenblue Times’, 32% for ‘Livingston’, and 26% for ‘NuGlade’. Across all 
three cultivars GA content, specifically GA1 content, increased 47% under reduced light 
intensity. ‘NuGlade’ had a lower GA1 content under reduced light intensity compared to 
the other cultivars tested. GA1 as the biologically active GA, an important factor to shoot 
elongation, increases under reduced light intensity (Tan and Qian, 2003). The inhibition 
of GA synthesis, reduces GA plant content through applications of plant growth 
regulators, reduces shoot elongation resulting in increased shade tolerance (Tan and Qian, 
2003).  
Previous research corresponds with Tan and Qian (2003) about the increased 
shade of turfgrasses through application of GA blocking plant growth regulators (Qian et 
al., 1998). With increased stem elongation, photosynthates available for root and lateral 
growth decline (Gardner and Goss, 2013). Under heavy shade, 37% of full-sunlight, 
Kephart et al. (1992) did not observe stem elongation, correlating to an overall reduction 
in photosynthate availability. Mowing adds an additional stress to shaded turfgrasses 
because carbohydrate energy reserves used for stem elongation are subsequently lost 
through frequent mowing (Qian et al., 1998; Tan and Qian, 2003). The morphological 
response to shade of stem and leaf elongation, linked to excessive GA production, can 
negatively impact turfgrasses especially when frequent mowing occurs, but the negative 
impacts shown can be minimized through usage of GA blocking plant growth regulators. 
In addition to elongation, turfgrasses also respond morphologically to shade 
through reduction of leaf blade width (Schnyder and Nelson, 1989). Schnyder and Nelson 
(1989) found leaf density decreased under shade because shaded turf developed narrower 
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leaf blades compared to turf under full sun. There were no increases in leaf area as a 
result of a reduction of leaf widths, counteracting leaf elongation.  
A study done by Winstead and Ward (1974) saw increases in both leaf and 
internode length of ‘Tiflawn’ bermudagrass [Cynodon dactylon (L.) Pers.] and St. 
Augustinegrass [Stenotaphrum secundatum (Walt.) Kuntze] under 75% shade; but leaf 
width decreased for bermudagrass and increased for St. Augustinegrass, which may 
contribute to St. Augustinegrass’s higher shade tolerance. Along with decreases in leaf 
blade width, Ericksen and Whitney (1981) found the leafiness index, a measurement of 
the area to weight ratio, increased under reduced light intensity; showing that under 
reduced light environments, overall plant density decreases. 
Shaded environments also induce morphological responses such as the reductions 
of tiller production and stand density. When exposed to reduced irradiance the production 
of new tillers by turfgrasses significantly decreases, compared to tiller production under 
full irradiance (Schnyder and Nelson, 1989; Bahmani et al., 2000). When irradiance is 
reduced to 30% full sun, Allard et al. (1991) found the dry matter production by plants 
also reduced due to higher shoot to root and leaf area ratios. Decreases in dry matter 
production can be contributed to increases in blade to sheath ratios and reductions in tiller 
formation and root growth. Reduced tiller production is a consequence of the reallocation 
of carbohydrates to morphological responses favoring light interception such as leaf 
elongation and higher shoot to root ratios (Allard et al., 1991; Stier et al., 1999). As a 
result of reduced tiller production under shade, overall stand density also decreases (Stier 
et al., 1999).  
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Tiller production is influenced by light intensity and light quality. Low R/FR 
ratios reduce tillering, indicating tiller production is influenced by light quality (Casal et 
al., 1990). This study observed Lolium multiflorum Lam. plants reduced tiller production 
when exposed to pure far-red light. Exposure to only pure far-red light would yield an 
extremely low R/FR ratio. As the R/FR ratio becomes altered under shaded conditions 
corresponding responses in tiller production occur (Casal et al., 1990; Gibson et al., 1992; 
Bell et al., 2000).  
With allocation of carbohydrates to plant responses favoring light interception 
decreases in overall stand density of turfgrasses occur. Studies have shown correlations 
between reduced light quantity and decreased percentage of turf ground cover (McBee 
and Holt, 1966). Showing as light levels are reduced percent ground covered by turf is 
also reduced. Therefore, with increasing levels of shade less ground will be covered by 
turf.  
The same study by McBee and Holt (1966) showed decreasing light levels also 
decreased the density of all turfgrasses tested with No-mow bermudagrass [Cynodon 
dactylon (L.) Pers.] requiring a minimum of 25 to 35% full sunlight, equating to less than 
4 to 5 hours of full sunlight, for optimum turf quality (Goss et al., 2002). Jiang et al. 
(2004) found stand density reduced across all turfgrasses tested under shade but, hybrid 
bermudagrass (Cynodon dactylon L. × C. transvaalensis Burtt Davy) density decreased 
more compared to Seashore paspalum (Paspalum vaginatum Swartz) density. A smaller 
reduction in the stand density of Seashore paspalum could be due to its’ higher shade 
tolerance compared to hybrid bermudagrass.  
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Reductions of overall stand density can also lead to lower wear tolerances of 
turfgrasses under shade. It was shown by Trenholm et al. (2000) greater tolerances to 
wear were directly related to instances when both Seashore paspalum and hybrid 
bermudagrass had higher shoot densities. Concluding, reduction of turfgrass stand density 
under reduced irradiance increases susceptibility to injury from stresses in comparison to 
those grown under full irradiance. 
As previously stated, shoot to root-rhizome ratios tend to be higher under shade 
(Ericksen and Whitney, 1981). Ratios tend to be higher due to the decline of roots and 
rhizomes, with decreases up to 50% under dense shade (Burton et al., 1959; Qian et al., 
1998). Root and rhizome mass decline can be linearly correlated to their decreases in 
total nonstructural carbohydrate content, as shown by Qian et al. (1998). Positive 
correlation between decreased carbohydrate content and root and rhizome mass further 
demonstrates reallocation of carbohydrates to areas favorable for photosynthesis 
(Ericksen and Whitney, 1981). Baldwin et al (2009a) found shade not only reduces root 
biomass but also “creates a thinner, highly branched root system.” Decreased root content 
results in the reduction in a turfgrasses capacity to obtain nutrients and water under shade 
(Baldwin et al., 2009a; Gardner and Goss, 2013).  
Under shade the turfgrass leaf structure becomes altered to maximize exposure to 
light. Alterations to the leaf structure include reduced leaf thickness, palisade layer, and 
leaf stoma density, increased air space within cells, and fewer but larger chloroplast 
containing a higher chlorophyll content within a leaf section (Boardman, 1977; Allard et 
al., 1991; Wherley et al., 2005). Changes to the leaf structure are more prevalent for 
18 
 
shade intolerant turfgrasses and these changes were shown in a study done by Wilkinson 
and Beard (1975) who found the shade intolerant ‘Merion’ Kentucky bluegrass (Poa 
pratensis L. ‘Merion’) had thinner cuticle and less vascular and support tissue under 
shade whereas, the leaf structure of shade tolerant ‘Pennlawn’ red fescue (Festuca rubra 
L. ‘Pennlawn’) was not affected. Turfgrasses, especially shade intolerant, adapt their leaf 
structure to maximize light uptake for photosynthesis when exposed to reduced light 
intensities.  
Physiological Responses to Shade 
Turfgrasses respond physiologically to lower light intensities by reducing 
chlorophyll content and photosynthesis rates, decreasing production and deposition of 
nonstructural carbohydrates, increasing leaf succulence, lowering resistance to diseases, 
respiration rates exceeding photosynthesis rates, and increasing lignin, phosphorus, 
calcium, magnesium, and protein content on a dry weight basis (Gardner and Goss, 
2013).  
Chlorophyll, the primary pigment used during photosynthesis to harvest light 
energy from the sun (Hopkins and Huner, 2008), has been observed to decrease under 
shade (Bell and Danneberger, 1999). Baldwin et al. (2008) tested the diversity of 42 
bermudagrass cultivars (Cynodon spp.) in a reduced light environment and found after 8 
weeks of being grown under shade many cultivars displayed decreased chlorophyll 
content. Cultivars Ashmore, SWI-1014, B-14, and Premier had an approximate decrease 
in chlorophyll content of 66%, whereas SWI-1046, La Paloma, Aussie Green, and 
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Midlawn approximately decreased by 28%. More shade-tolerant cultivars have shown 
smaller decreases in chlorophyll content under shade (Baldwin and Liu, 2008).  
Under reduced irradiance, the photosynthesis process becomes limited resulting in 
reduced photosynthesis rates (Van Huylenbroeck and Van Bockstaele, 2001). Jiang et al. 
(2004) observed the photosynthesis rates of seashore paspalum and bermudagrass 
decreased by 10 to 43% under 70% shade and 27 to 67% under 90% shade. However, it 
was noted the seashore paspalums tested had higher photosynthesis rates compared to 
bermudagrasses and may influence seashore paspalums higher tolerance to shade. 
Correlation between higher photosynthesis rates and shade tolerance can be contributed 
to turfgrasses need to produce more energy through photosynthesis than consumed during 
respiration.  
Respiration rates may exceed photosynthesis rates under reduced light intensity. 
Respiration and temperature are directly linked, with increases in temperature causing 
increases in respiration and can also cause respiration rates to exceed photosynthesis rates 
(Gardner and Goss, 2013). Nonetheless, respiration occurs any time of day or year. 
Enough light energy must reach the turf surface to meet the light compensation point. Not 
meeting the light compensation point causes respiration rates to exceed photosynthesis 
rates resulting in reduced total nonstructural carbohydrate (TNC) content and lower 
recuperative ability from stresses (Jiang et al., 2004). Reduced TNC content leads to poor 
turf density and stand persistence (Qian and Engelke, 1999a).  
When turfgrasses are grown under reduced irradiance the TNC content declines. 
Bunnell et al. (2005a) observed a strong correlation between decreased time exposed to 
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light and a downward linear trend in TNC content of ‘TifEagle’ bermudagrass. Water 
soluble carbohydrate content has also been shown to decrease under shade (Jiang et al., 
2005). Schnyder and Nelson (1989) concluded structural carbohydrate production was 
less impacted by shade compared to nonstructural carbohydrate production. They arrived 
at this conclusion because dry matter production only decreased by 13% whereas, 
nonstructural carbohydrate deposition decreased by 43% in Tall Fescue. Therefore, shade 
significantly reduces TNC content leading to the depletion of carbohydrate reserves. 
Leaves adapt to shade by becoming more succulent through development of a 
thinner, more delicate structure, increasing their capability to more efficiently absorb 
light energy (Beard, 1973). Other physiological shade adaptations associated with plant 
and water relations include lower cellular osmotic pressure, higher internal cell water 
content, and higher total water potential (Daubenmire, 1959; Beard, 1973; Zarlengo et al., 
1994). Zarlengo et al. (1994) found plant grown in shade displayed greater disease 
severity. Concluding, the greater disease severity may have been influenced by decreased 
carbohydrates along with thinner cells having high internal cell water content and high 
total water potential. By developing a more succulent, delicate structure shaded 
turfgrasses become more susceptible to diseases and insects experiencing reduced heat, 
cold, drought, and wear tolerances (Whitcomb, 1968; Beard, 1973; Zarlengo et al., 1994).  
Responses to the plant nutrient content on a dry weight basis also occur under 
shade (Beard, 1973; Gardner and Goss, 2013). Total nitrogen levels increase at low light 
intensity perhaps contributed to by decreased nitrate reductase activity and inhibition of 
nitrogen utilization (Hageman and Flesher, 1960; Knipmeyer et al., 1962; Schmidt and 
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Blaser, 1969). When Schmidt and Blaser (1969) compared total nitrogen levels in 
‘Tifgreen’ bermudagrass (Cynodon spp.) to total nitrogen levels in Cohansey bentgrass 
(Agrostis palustris Huds.) there were no significant differences in the increase of total 
nitrogen levels shown under shade (Schmidt and Blaser, 1967). However, inhibition of 
shoot and root growth under shade was not as drastic for bentgrass.  
Indicating the ability to utilize nitrogen more efficiently under shade may be a 
characteristic of higher shade tolerance. Lower carbohydrate to nitrogen ratios are to be 
expected under shade primarily due to decreases in carbohydrate content (Beard, 1973). 
Other nutrient content responses under shade include increases in calcium, magnesium, 
phosphorus, lignin, and proteins (Burton et al., 1959).  
Jiang et al. (2005) observed a decrease in soluble proteins for seashore paspalum 
and ‘TifSport’ bermudagrass under low light resulting in low photosynthetic rates and 
capacity. Low photosynthetic rates and capacity result from decreases in the enzymes 
used for photosynthesis (Krall et al., 1995). Under low light, specific dry weight 
decreases even though leaf fresh weight remains fairly constant across all light levels, an 
indication of increased water content in turfgrass leaves (Prioul et al., 1980). Increases in 
plant nutrient content relative to a dry weight basis under low light are due to lower 
specific dry weights when the increased water content is removed.  
Factors Influencing Shade Adaptation 
Adaptation to shade varies depending on turfgrass species and has been observed 
to also vary according to cultivar (Gardner and Taylor, 2002; Baldwin et al., 2008). 
Turfgrass shade adaptation is impacted by factors such as alterations to light quantity and 
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quality, microenvironment induced by shade, and competition from tree roots (Beard, 
1973). Such factors may contribute to adverse effects on turfgrasses under shade. 
Alterations to light quantity and quality under shade may be the most obvious 
factors contributing to shade adaptation. The extent to which light quantity is reduced by 
trees varies depending on geographic spacing and crown density of a species (Beard, 
1973). Turfgrasses grown under individual trees experience fewer problems related to 
shade compared to turfgrasses grown under a group of trees. Trimming tree limbs to a 
height of 8 - 10 feet above the turf surface allows direct solar radiation to reach the turf 
surface over the course of a day. Light transmitted through a tree canopy to the turf 
surface depends on the crown density. Light filters through small openings in the canopy 
resulting in sun flecks on the turf surface (Beard, 1973). Subsequently, denser canopies 
allow fewer sun flecks through to the turf surface. As light filters through a tree canopy 
the light quality becomes altered. The amount to which light is filtered varies depending 
on tree species. Deciduous trees selectively filter more light compared to conifers 
(Coombe, 1957).  
Not only do trees compete for light, tree roots also compete with turfgrasses for 
soil moisture and nutrients (Beard, 1973; Gardner and Goss, 2013). Reduction of shoot 
growth has shown to be an adverse impact from tree root competition (Whitcomb, 1972). 
Even when soil moisture and nutrient levels are optimal, tree root competition can reduce 
turfgrass growth and quality (Dudeck and Peacock, 1992). Tree root architecture is a 
major factor in the interaction between tree roots and turfgrasses (Beard, 1973). Trees 
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with shallow, fibrous root systems will be in greater competition with turfgrasses than 
deeply rooted trees (Beard, 1973; Ong and Leakey, 1999; Gardner and Goss, 2013). 
Another aspect of tree root competition is the release of allelopathic compounds 
from tree roots. Whitcomb and Roberts (1973) observed the penetration of Kentucky 
bluegrass roots was restricted when grown under a silver maple (Acer saccharinum L.) 
compared to other tree species. Release of allelopathic compounds may further increase 
tree root competition resulting in greater turf deterioration. However, some tree root and 
turfgrass interactions may be mutually beneficial, in instances such as increasing soil 
moisture availability for turfgrasses during periods of excessive soil evaporation due to 
trees reducing solar irradiation, moderating temperatures, and buffering wind (Dudeck 
and Peacock, 1992; Ong and Leakey, 1999; Gardner and Goss, 2013). 
In addition to light alteration and tree root competition, shade causes a 
microenvironment to develop that has moderated temperatures, reduced wind movement, 
increased relative humidity, and longer periods of leaf wetness (Beard, 1973; Gardner 
and Goss, 2013). A shaded microenvironment may potentially be beneficial to turfgrasses 
under some conditions, however it may also lead to an increased disease susceptibility 
(Beard, 1965) 
Shaded Microenvironment 
Extreme turfgrass canopy temperatures are moderated under shade because 
incident radiation is filtered out through tree canopies, reducing daytime temperatures 
and by inhibiting heat loss from outgoing long-wave radiation therefore, restricting 
nighttime cooling (Geiger, 1965; Beard, 1973). Giesler et al. (2000) observed maximum 
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canopy air temperatures were lower and minimum canopy air temperatures were higher 
under shade further demonstrating temperature moderation. On average, under shade, 
canopy temperatures are about 3°C cooler in the morning and 6°C cooler in the afternoon 
than air temperatures (Bell and Danneberger, 1999). Bell and Danneberger (1999) 
concluded canopy temperature was not a key component of temporal shade stress 
(morning shade stress versus afternoon shade stress) due to 18% cooler morning canopy 
temperatures and 16% cooler afternoon canopy temperatures compared to full sun 
temperatures. Temperature throughout an entire day is reduced under shade (Koh et al., 
2003).  
Reduced soil temperatures have also been shown under shade and therefore, may 
be beneficial to turf during heat stress (Koh et al., 2003). Temperature moderation under 
shade can positively or negatively influence turfgrass shade adaptation, depending on a 
region’s climate and a turfgrasses optimal growing temperature range, but may also result 
in reduced growth during fall and spring, contributing to a lower recuperative capacity 
(Beard, 1973; Bell and Danneberger, 1999; Koh et al., 2003).  
Wind movement can be restricted by dense trees and vegetation in a shaded 
microenvironment resulting in reduced wind speeds and increased relative humidity, 
negatively impacting turfgrasses (Fons, 1940; Beard, 1973; Koh et al., 2003). Koh et al. 
(2003) observed reduced turf density due to shade and airflow restriction. Increased 
disease severity of brown patch and dollar spot were also observed on turfgrasses where 
airflow was restricted.  
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Restricted wind movement and reduced solar radiation in a shaded microclimate 
result in higher relative humidity and extended periods of leaf wetness due to reduced 
evapotranspiration and evaporation rates (Monteith, 1959; Denmead, 1964; Beard; 1965; 
Beard, 1973). Giesler et al. (2000) found relative humidity exceeded 90% for 30 to 48 
minutes longer and, on average, leaves remained wet 1.5 hours longer under shade than 
full sun. Increased relative humidity and periods of leaf wetness negatively impact 
shaded turfgrasses encouraging disease growth and development (Beard, 1965). 
Moderated temperatures, reduced wind movement, and increased leaf wetness, all 
factors of a shaded microenvironment, are advantageous for the development and growth 
of diseases, mosses, and algae that negatively impact turfgrasses (Beard, 1973; Gardner 
and Goss, 2013).  
Beard (1965) stated disease activity, favoring to shaded micro-environments, was 
the most significant factor impacting turfgrass shade adaptation. Physiological and 
morphological responses to shade reduce disease tolerances (Gardner and Goss, 2013). 
Shaded microenvironment factors along with increased succulence of plant tissues 
enhance pathogen activity on turfgrasses (Beard, 1973). Diseases commonly occurring in 
shaded micro-environments include leaf spot (Bipolaris and Drechslera spp.), powdery 
mildew (Erysiphe graminis DC), rust (Puccina spp.), brown patch (Rhizoctonia spp.), and 
Microdochium patch [Microdochium nivale (Fr). Samuels and I.C. Hallett] (Beard, 1965; 
Zarlengo et al., 1994; Gielser et al., 2000; Stier and Rogers, 2001).  
The shade tolerance of cool season turfgrasses is hypothesized to be more related 
cool season turfgrasses ability to resist diseases whereas, warm season turfgrass shade 
26 
 
tolerance is better correlated to morphological changes that decrease stand density and 
increase shoot elongation (Beard, 1965; Grime and Jeffery, 1965; Gardner and Goss, 
2013).  
Both warm and cool season turfgrasses experience problems from algae and moss 
development (Gardner and Goss, 2013). Cyanobacteria and eukaryotic algae growth is 
encouraged with decreasing turf density and longer periods of leaf wetness (Baldwin and 
Whitton, 1992; Gardner and Goss; 2013). For example, a shaded golf course putting 
green with inadequate drainage may permit establishment of silvery thread moss (Bryum 
argenteum Hedw.) (Burnell et al., 2004; McCarty, 2018). 
Shade Tolerance 
A turfgrasses ability to tolerate shade is based on several factors, including 
adaptations to reduced irradiance, altered light quality, moderated temperatures, and 
nutrient competition as well as increased disease resistance and cultural management 
practices (Beard, 1973; Gardner and Goss, 2013). Seasonal changes in incident light also 
influences turfgrass shade tolerance. McBee and Holt (1966) found under shade turfgrass 
density and ground cover improved in October through late fall, suggesting as 
temperature decreased with incident light, fall shading became less detrimental to 
turfgrasses. In agreement with McBee and Holt (1966), Liu and Huang (2001) also found 
turf quality declined with increased temperature during the summer.  
The correlation between increasing temperature and decreasing turf quality could 
be contributed to increased respiration rates and decreased photosynthetic capacity when 
temperature increases (McBee and Holt, 1966; Liu and Huang, 2001). Increased 
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respiration rates and decreased photosynthetic capacity result in the depletion of 
carbohydrate reserves thus, causing turf quality to decline. Mixing turfgrass species under 
shade has been found to be beneficial in reducing the disease effects on an individual 
species within the mixed turfgrass stand (Beard, 1965). However, more shade tolerant 
species will become dominant in the mixed stand under shade.  
When comparing the shade tolerance of cool season to warm season turfgrasses, 
cool season turfgrasses are generally more shade tolerant. This is due to cool season 
turfgrasses reaching their light compensation point at approximately 50% full sunlight 
compared to warm season turfgrasses who tend to require full sunlight (Steinke and Stier, 
2003; McCarty, 2018).  
Table 2.1. Shade tolerance of turfgrasses (Gardner and Goss, 2013).    
Shade Tolerance Turfgrass Scientific Name  
High Annual bluegrass Poa annua  
 Supina bluegrass Poa supina Schrad.  
 Tall fescue Festuca arundinacea  
Tolerant Rough bluegrass Poa trivialis  
 Centipedegrass Eremochloa ophiuroides  
 Seashore paspalum Paspalum vaginatum  
 St. Augustinegrass Stenotaphrum secundatum  
 Zoysiagrass Zoysia spp.  
Intolerant Kentucky bluegrass Poa pratensis  
 Bermudagrass Cynodon spp.  
Highly Intolerant Creeping bentgrass Agrostis stolonifera  
 Perennial ryegrass Lolium perenne  
 Bahiagrass Paspalum notatum  
 Buffalograss Bouteloua dactyloides (Nutt.) 
  J. T. Columbus  
 Carpetgrass Axonopus affinis Chase  
 
Maintaining Turfgrasses in Shaded Environments 
While growing and maintain turfgrasses under shade conditions may be difficult, 
appropriately managing cultural practices can improve turfgrass quality (Beard, 1973; 
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Gardner and Goss, 2013). Cultural practices such as appropriate selection of a shade 
tolerant turfgrass species and cultivar, mowing height, fertilization, irrigation, traffic 
control, fungicide application, plant growth regulator usage, and modifying the 
environmental conditions (Beard, 1973; Gardner and Goss; 2013). 
Selection of a shade tolerant turfgrass species is an effective way to achieve and 
maintain acceptable turf quality in shaded environments. Along with selecting an 
appropriate species, cultivar selection within a species is important. Shade tolerance 
within a species has also been shown to vary according to cultivar (Gardner and Taylor, 
2002; Jiang et al., 2004; Baldwin et al., 2008).  
Baldwin et al. (2008) found that the shade tolerance of 42 bermudagrass cultivars 
varied greatly. Celebration, TiftNo.4, TiftNo.1, and Transcontinental had the highest 
shade tolerance. SWI-1014, Arizona Common, Sundevil, SR 9554, GN-1, and Patriot 
were most sensitive to shade. When comparing zoysiagrass cultivars, Diamond [Zoysia 
matrella (L.) Merr] was more shade tolerant and maintained a higher turf quality under 
shade compared to other cultivars (Engelke et al., 2002; Baldwin et al., 2009a; Sladek et 
al., 2009).  
Another consideration when choosing an appropriate turfgrass is their resistance 
to diseases (Beard, 1997). Shaded micro-environments induce increased disease activity 
and was observed Beard (1965) to be a significant limiting factor for shade adaptation.  
Increasing mowing height is a common practice under shaded environments. By 
raising the mowing height under shade, the leaf area able to receive sunlight is increased 
resulting in increased carbon uptake (Beard, 1973; Dudeck and Peacock, 1992). There is 
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a natural decreasing light gradient from leaf tip to base with photosynthetic rates 
following this same trend (Prioul et al., 1980). Mowing subsequently removes the highest 
photosynthetically active leaf area. Under frequent mowing practices turfgrass leaves 
tend to be more vertically oriented increasing the amount of light needed to reach their 
light compensation point (Beard, 1973).  
However, increased mowing heights may negatively impact turfgrasses through 
higher respiration rates, increased inter-shading of the turfgrass canopy, decreased leaf 
evaporation, and lower tolerance to traffic stresses (Beard, 1973; Gardner and Goss, 
2013). Tifeagle bermudagrass was observed by Bunnell et al. (2005b) to maintain an 
acceptable turf quality under a reduced light environment, after applications of 
trinexapac-ethyl, and an increase in mowing height from 3.2mm to 4.7mm; further 
showing the positive implications of increasing mowing height in a shaded environment.  
Under shade, turfgrasses not tolerant to shade become more susceptible to disease 
injury. Increased disease susceptibility can come from physiological and morphological 
changes that occur under shade such as decreased leaf thickness and shaded microclimate 
conditions favoring disease development (Beard, 1965; Wherley et al., 2005). Diseases 
further diminish turf quality in shaded environments when not treated with fungicides to 
suppress them (Beard, 1973). 
When managing turfgrasses in shaded environments excessive nitrogen 
fertilization should be avoided (Beard, 1973). Excessive nitrogen fertilization increases 
shoot elongation, decreases turf density, cover, competitiveness, and depletes available 
carbohydrates (Burton et al., 1959; Schmidt and Blaser, 1969; Goss et al., 2002). Goss et 
30 
 
al. (2002) found with high nitrogen fertilization turf cover was reduced by as much as 
16.2%. Turfgrasses also had a more vertical growth habit compared to those fertilized 
with low levels of nitrogen (Goss et al., 2002).  
Excessive nitrogen fertilization also causes turfgrasses to have a higher 
susceptibility to injury from wear and disease from producing more succulent plant 
tissues (Goss and Gould, 1967; Markland and Roberts, 1969; Beard, 1973). Ophiobolus 
patch disease susceptibility has been shown initially to increase in turfgrasses fertilized 
with high levels of nitrogen (Goss and Gould, 1967).  
Another negative impact from excessive nitrogen fertilization is the decline of 
carbohydrate reserves due to carbohydrates being utilized in nitrogen metabolism and 
assimilation rather than other essential plant processes (Schmidt and Blaser, 1969). 
Carbohydrate depletion by nitrogen metabolism and assimilation was shown by Schmidt 
and Blaser (1969) who concluded liberal nitrogen fertilization caused available 
extractable carbohydrates to decrease even though photosynthesis increased due to 
carbohydrates being utilized in nitrogen metabolism for increased top growth. Using the 
minimum nitrogen requirement for a turfgrass species under shade can minimize the 
depletion of available carbohydrates (Beard, 1973).  
Surface fertilization of trees is also discouraged when grown in conjunction with 
turfgrasses that have low nitrogen requirements due to deterioration of the turf from 
excessive nitrogen applications (Beard, 1973). Turf deterioration can be minimized 
through deep root fertilization of tree roots.  
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Other nutrients have shown to be beneficial when applied as fertilizer to shaded 
turfgrasses. Iron and magnesium were shown by Steigler et al. (2003) to increase turf 
color in shade but did not affect turf density. Iron in particular, increases turf color and 
subsequently increasing turf quality under many light conditions but, has been shown not 
to significantly affect total chlorophyll content, turf density, growth, or development (Lee 
et al., 1996; Stier and Rogers, 2001). Overall, applications of iron and magnesium or iron 
only on shaded turfgrasses may prove beneficial to improving turf quality through 
improving turf color.  
Properly irrigating turfgrasses in a shaded environment allows there to be 
adequate moisture for growth while minimizing periods of leaf wetness. Proper irrigation 
techniques are based on amount, timing, and soil conditions (Beard, 1973). Irrigation 
should provide water that penetrates to a minimum soil depth of 6 inches. However, 
irrigation rates should not be excessive and exceed infiltration rates of the soil present. 
Improper timing and excessive irrigation rates may result in enhanced pathogen activity. 
Irrigation should be applied at an optimal time to minimize the period of leaf wetness 
thus, reducing potential infection from fungi.  
Effects from traffic can stress turfgrasses grown under any light environment and 
lead to them being more prone to and less able to recuperate from injuries (Stier et al., 
1999; Stier and Rogers, 2001; Gardner and Goss, 2013). Shaded turfgrasses are more 
prone to traffic injury because of morphological and physiological changes such as 
excessive shoot elongation and reduced turf density that occur under shaded 
environments, resulting in a weaker turfgrass plants (Beard, 1997).  
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Jiang et al. (2003) found when exposed to traffic stresses, shaded turfgrasses were 
slower to recover than those grown under full sun. Even though traffic stress negatively 
impacts turfgrasses under any light condition, decreasing light intensity contributes to 
decreasing turf quality when traffic stresses are present (Stier et al., 1999; Stier and 
Rogers, 2001). 
Environmental modification can drastically improve turfgrasses health and quality 
under shade. Modification of a shaded environment can be done through selective tree 
removal or limb pruning (Beard, 1973; Dudeck and Peacock, 1992). Selective tree 
removal can be beneficial to increase air movement as well as increase light quantity and 
duration. Pruning lower tree limbs to a recommended height of 3 meters allows light to 
reach turfgrasses through either sun flecks or early mornings and late afternoons (Dudeck 
and Peacock, 1992; Stier, 1999).  
In addition to allowing more light through, limb pruning increases wind 
movement and results in improved temperatures, decreased relative humidity, and 
enhanced drying at the turfgrass surface (Beard, 1973; Dudeck and Peacock, 1992). 
Pruning shallow tree roots to a depth of 10 centimeters can be an effective way to reduce 
tree root competition with turfgrasses for water and nutrients (Dudeck and Peacock, 
1992). Permanent or temporary fans use can be effective to improving air movement at 
the turf surface, removing surface water and reducing turfgrass and soil temperatures 
(Gardner and Goss, 2013). Guertal et al. (2005) found soil temperatures remained below 
27°C 2 hours longer when fans were used and syringing was done on creeping bentgrass 
[Agrostis stolonifera var. palustris (Huds.) Farw.] putting greens. Creeping bentgrass 
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(Agrostis stolonifera L.) root lengths were observed by Guertal and Han (2009) to 
increase 12 to 17% when fans were run 24 hours per day during peaking growing season. 
Modifying the environment can be beneficial to shaded turfgrasses when air movement 
and light quantity are increased and tree root competition is reduced. 
Gibberellic Acid Effects under Shade 
Shoot elongation is a physiological plant response for shade avoidance, 
commonly shown in turfgrasses (Qian and Engelke, 1999c). Shading stimulates 
gibberellin activity through Pfr (the active isomeric form of phytochrome absorbing far-
red light), resulting in increased levels of biologically free gibberellic acid (Rood et al., 
1986; Hart, 1988). Biologically active gibberellic acid (GA1) is responsible for shoot 
elongation and has been shown to increase in turfgrasses under reduced light conditions 
(Tan and Qian, 2003). Tan and Qian (2003) found GA1 content increased in Kentucky 
bluegrass by 49% under 13% sunlight and by 47% under 52% sunlight thus, concluding 
increased GA1 content in shaded turfgrasses plays a significant role in increased shoot 
elongation. 
Plant Growth Regulators 
Turf quality may decline under shade as the plant is weakened through increased 
shoot elongation, however shoot elongation can be regulated by GA-blocking plant 
growth regulators (Qian and Engelke, 1999c; Tan and Qian, 2003). Common plant 
growth regulators used to regulate GA biosynthesis include paclobutrazol, flurprimidol, 
and trinexapac-ethyl (Qian and Engelke, 1999c; Stier et al., 1999; Stier and Rogers, 2001; 
Tan and Qian, 2003). Using such plant growth regulators to reduce shoot elongation of 
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shaded turfgrasses results in increased turf cover, tillering, and carbohydrate reserves 
(Goss et al., 2002.) A study done by Stier et al. (1999) found flurprimidiol reduced 
clipping yields and improved turf density by increasing tillering but, after two or more 
applications vertical growth was prevented, voiding clipping yields. 
Trinexapac-ethyl 
Applying trinexapac-ethyl (TE) [4-(cyclopropyl-α-hydroxy-methylene)-3,5-
dioxy-cyclohexanecarboxylic acid ethyl ester] to shaded turfgrasses is effective in 
reducing plant elongation (Qian and Engelke, 1999c; Rademacher, 2000). TE blocks the 
formation of GA1 in the GA biosynthesis pathway reducing plant elongation (Adams et 
al., 1992). Tan and Qian (2003) observed increased GA20 (immediate precursor of GA1 in 
GA biosynthesis) content even though GA1 content decreased where TE was applied on 
shaded Kentucky bluegrasses. Increased GA20 content and decreased GA1 content where 
TE was applied gives evidence to TE blocking the conversion of GA20 to GA1 in GA 
biosynthesis. Blocking the conversion of GA20 to GA1 is beneficial because GA20 does 
not promote shoot elongation thus, reducing it.  
There are many benefits to treating shaded turfgrasses with TE such as reducing 
shoot elongation, displaying a darker green color, promoting favorable photosynthesis 
and respiration responses and increasing turf quality, rhizome mass, total nonstructural 
carbohydrates, seed head density, root strength, tiller density, and chlorophyll content 
(Qian et al., 1998; Ervin et al., 2002; Steinke and Stier, 2003; Ervin et al., 2004). Perhaps 
the greatest benefit from treating shaded turfgrasses with TE is reduced shoot elongation 
observed by both Qian et al. (1998) and Ervin et al. (2002) on TE treated zoysiagrass. 
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Qian et al. (1998) did two experiments on Diamond zoysiagrass [Zoysia matrella (L.) 
Merr] at various shade levels and TE treatments, finding in experiment 1 canopy height 
reduced by 0.3cm at 40% shade, 0.8cm at 75% shade, and 1.0cm at 88% shade and was 
reduced by 0.6 cm at 40% shade, 1.1cm at 75% shade, and 1.2cm at 88% shade in 
experiment 2 compared to non-TE treated turfgrasses.  
Turf quality also increases when shaded turfgrasses are treated with TE through 
factors such as darker green coloring, increased tiller density, and reduced shoot 
elongation (Qian et al., 1998; Ervin et al., 2002; Ervin et al., 2004). A significant benefit 
from applying TE to shaded turfgrasses could be the increases in rhizome mass and TNC 
(Qian et al., 1998). Qian et al. (1998) found when TE was repeatedly applied to Diamond 
zoysiagrass, TNC levels increased 44 – 113% under 88% shade and 15 – 25% under 75% 
shade. However, they found TE did not affect rhizome mass or TNC levels under 40% 
shade.  
Rhizomes act as storage mechanisms for total nonstructural carbohydrates in 
rhizomatous grasses (White, 1973) thus, increasing rhizome mass and total nonstructural 
carbohydrate levels by applying TE may enhance a turfgrasses chance for survival and 
recovery under heavy shade (Qian et al., 1998).  
In addition to enhancing the tolerance of turfgrasses to shade stress, TE has also 
shown to promote tolerances to other stresses including wear, divot recovery, and cold 
(Stier and Rogers, 2001; Steinke and Stier, 2003, 2004). Higher turfgrass tolerances to 
stresses could be contributed to TE stimulating characteristics such as increased tillering 
or reduced shoot elongation (Goss et al., 2002). Therefore, applying either TE or other 
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GA biosynthesis inhibiting plant growth regulators to turfgrasses could potentially be an 
effective shade management strategy to delay turf deterioration, quality loss, tiller 
thinning, and moderate shoot elongation from being exposed to reduced light intensities 
(Ervin et al., 2002). 
Diamond Zoysiagrass 
 Many golf courses in warm to hot climatic zones have adapted the use of 
zoysiagrass on fairways, tees, collars, and putting greens (McCarty, 2018). The golf 
course adaptation of zoysiagrasses in the southern transition zone stems from being able 
to tolerate stresses and unfavorable conditions, such as shade, salinity, drought, wear, 
heat, and cold (Warmand et al., 1998; Qian and Engelke, 1999a; Qian and Engelke, 
1999b; White et al., 2001; Engelke et al., 2002; Patton and Reicher, 2007; Stiglbauer et 
al., 2009; Baldwin et al., 2009a).  
However, using zoysiagrasses on golf courses there are also unfavorable qualities. 
Qualities such as slow recuperative potential from any damages, thatch build-up, 
susceptibility to diseases, higher water requirements compared to bermudagrasses, and 
slower putting green speeds (Liu et al., 2013; McCarty, 2018). Zoysiagrasses, ‘Diamond’ 
zoysiagrass, in particular, has a high potential to be a top choice when selecting a fine 
textured, intensively managed turfgrass. 
‘Diamond’ zoysiagrass is a fine textured, warm-season turfgrass used on golf 
courses, sports fields, and home lawns (Engelke et al., 2002; Baldwin and Liu, 2008; 
Stiglbauer et al., 2009). In April of 1996, Diamond was released after being developed by 
the Texas Agricultural Experiment Station (Engelke et al., 2002). Diamond has a high 
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potential to be implemented into areas being intensively maintained under full sun or 
heavy shade and tolerates close, frequent mowing (Engelke et al., 2002). It was stated by 
Engelke et al., (2002) that “During field testing, Diamond was distinguished from other 
zoysiagrasses by finer leaf texture, high rhizome and tiller density, superior salt and 
shade tolerance, and excellent recuperative growth.”  
Diamond zoysiagrass also has better winter color retention compared to other 
zoysiagrasses (Engelke et al., 1996). However, Diamond lacks winter hardiness being 
more suitably grown in the southern transition zone and below (McCarty, 2018).  
Favorable qualities of Diamond zoysiagrass include fine leaf texture and 
tolerances to shade, salinity, wear, and cold. Fine leaf textures of 1 to 1.3mm make 
Diamond a suitable choice as a putting green turfgrass (McCarty, 2018). While being 
field tested with other zoysiagrasses Diamond was noted for having a finer leaf texture, 
and with use of a reel mower and verticutter can be maintained as a high quality turf 
(Engelke et al., 1996; Engelke et al., 2002). 
Several studies have shown that Diamond zoysiagrass has excellent shade 
tolerance. Baldwin and Liu (2008) found Diamond zoysiagrass to be more shade tolerant 
than ‘Sea Isle 2000’ seashore paspalum, ‘Celebration’ bermudagrass, and ‘Tifway’ 
bermudagrass having higher turfgrass quality, minimal decreases in chlorophyll content 
compared to full sun, and lateral growth least affected by shade. Field trials done at Texas 
A&M University Research and Extension Center at Dallas, showed that Diamond 
zoysiagrass has excellent shade tolerance under both artificial and natural shade (Engelke 
et al., 2002). After 69 days under 83% shade Diamond zoysiagrass maintained an 
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acceptable turfgrass quality (Engelke et al., 2002). Applications of trinexapac-ethyl 
increased the turf quality of Diamond zoysiagrass under 88% and 75% shade, 
demonstrating Diamond zoysiagrass maintains acceptable turf quality under shade with 
repeated applications of trinexapac-ethyl (Qian et al., 1998). 
Tifgrand Bermudagrass 
 TifGrand bermudagrass [Cynodon transvaalensis Burt-Davy × C. dactylon (L.)] is 
a fine textured, dwarf, hybrid bermudagrass used on ornamental home lawns, athletic 
fields, and golf courses in the southern United States (Hanna and Maw, 2007; Dunne et 
al., 2015; Polomski and Shaughnessy, 2016). Bermudagrass is the preferred choice 
typically, when choosing a warm season turfgrass species in the southern United States 
(Hanna and Maw, 2007; Baldwin et al., 2009a).  
Bermudagrass is the preferred warm season turfgrass because it possesses many 
advantages such as producing a high quality dense turf, an aggressive growth habit 
adapted, is to withstand different ranges of fertility, pH and temperature, and has 
excellent tolerance to wear, drought and salinity (Hanna and Maw, 2007; Baldwin et al., 
2009a; Dunne et al., 2015). Bermudagrass resists encroachment by weeds by producing 
lateral stems, leading to a quicker establishment (Dunne et al., 2015; McCarty, 2018). 
One major disadvantage of bermudagrass is that is has poor shade tolerance (Hanna and 
Maw, 2007; Baldwin et al., 2009a; Hanna et al., 2010; Dunne et al., 2015; McCarty, 
2018). Other disadvantages of bermudagrass include susceptibility to nematodes, insects, 
and diseases (McCarty, 2018).  
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 Bermudagrass performs at its best when grown under full sunlight conditions, 
needing a minimum of 8 to 10 hours of full sunlight per day (Hanna and Maw, 2007). A 
study done by Bunnell et al, (2005a) estimated TifEagle bermudagrass needed 32.6 µmol 
m-2 d-1 during the months of June through August to maintain acceptable turf quality, 
reducing its adaptability and performance in lower light environments. 
 Development of shade tolerant bermudagrasses is beneficial to growing and 
maintaining acceptable turf quality under shaded conditions. TifGrand bermudagrass, 
also known as Tift No. 4 or ‘ST-5’ has shown to have higher shade tolerance compared to 
other industry standard bermudagrasses. Originally, TifGrand was selected because it had 
a high resistance to tawny mole cricket damage (Hanna and Maw, 2007; Hanna et al., 
2010).  
Further research showed that Tifgrand was able to maintain an acceptable turf 
quality in lower light environments (Hanna and Maw, 2007). Under full sun and up to 
70% reduced photosynthetically active radiation light in the wavelength range between 
400 to 700 nm, TifGrand performed well. (Hanna et al., 2010). Baldwin et al. (2008) 
studied the diversity of 42 bermudagrass cultivars in a reduced light environment and 
found TifGrand to be among cultivars showing the best shade tolerance. However, all 
cultivars tested, even shade tolerant, had unacceptable turf quality under 64% continuous 
shade. TifGrand, a shade tolerant bermudagrass, is a suitable choice for a warm-season 






 Comprising approximately 5% of the earth’s crust, iron (Fe) is the fourth most 
abundant element and second most abundant metal following aluminum (Marschner, 
2012). Iron is relatively insoluble in soils, especially aerated alkaline soils, due to the 
formation of Fe hydroxides, oxyhydroxides, and oxides (Lemanceau et al., 2009). In 
aerated, oxidized soils, solution ferric (Fe+3) is greater than ferrous (Fe+2), but soluble 
Fe+2 increases as soils become waterlogged (Havlin et al., 2014). Also, as soil pH 
increases, Fe+3, and to a lesser extent Fe+2, concentrations decrease.  
Predominantly, the soluble forms of Fe found in soil and nutrient solutions are 
chelates of Fe+2 and Fe+3 ions (Marschner, 2012). Roots absorb iron as either inorganic 
Fe+2 or Fe+3. Several soluble organic compounds in soils complex (chelate) Fe+3, 
increasing the concentration of solution iron and iron transported to roots by diffusion. 
During plant uptake, bulk solution concentrations of chelated iron are greater than 
concentrations at the root surface, causing chelated iron to be diffused to the root surface 
in response to the concentration gradient (Havlin et al., 2014).  
Once taken up by plants, iron plays a crucial role in the oxidation-reduction 
reactions of both photosynthesis and respiration, and as a structural component of various 
enzymes. Iron is the most common micronutrient found to be deficient in turfgrasses, 
contributed mainly to its insolubility, rather than the absence of iron in soils (Beard, 
1973). Some benefits from iron fertilization on turfgrasses may include treating iron 
deficiency symptoms and color enhancement (Wehner, 1992).  
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 Sufficient iron content in plant tissues ranges from 50 to 250 ppm, deficiency 
typically occurs when the iron content is less than 50 ppm (Havlin et al., 2014). The 
immobility of iron in plants causes iron deficiency symptoms to first be displayed in 
young leaves. Young leaves develop interveinal chlorosis, subsequently spreading over 
the entire leaf. Under severe iron deficiency, leaves may turn completely white and 
become necrotic. However, iron toxicity can also occur if leaf iron content is greater than 
300 ppm and tends to occur in wet and acidic soils (St. John et al., 2013; Havlin et al., 
2014). Generally, iron toxicity symptoms are characterized by bronzing or bronze colored 
speckles on leaves. 
Iron in Plants 
 The forms of iron, Fe+2 and Fe+3, absorbed by roots either accept or donate 
electrons depending on their oxidation state (Havlin et al., 2014). Electron transfer 
between iron and organic molecules provides plants with the electrochemical potential 
needed for several enzymatic transformations, including many enzymes involved in 
chlorophyll synthesis (Havlin et al., 2014). Chlorophyll production decreases when iron 
is deficient, resulting in the chlorosis of leaves (Marschner, 2012; Havlin et al., 2014).  
 Iron is a structural component of the porphyrin molecules cytochromes, hemes, 
hematin, ferrichrome, and leghemoglobin (Marschner, 2012; Havlin et al., 2014). 
Containing a heme Fe-porphyrin complex, cytochrome is a constituent of the 
photosynthetic reduction processes occurring in chloroplasts (Marschner, 2012; Havlin et 
al., 2014). In these photosynthetic reduction processes ferredoxin, a non-heme Fe-S 
protein, acts as an electron acceptor (Marschner, 2012; Havlin et al., 2014).  
42 
 
 Iron uptake, primarily from the rhizosphere, by plants can be broken down into 
two different strategies, strategy I utilized by nongraminaceous plant species and, 
strategy II utilized by primarily all graminaceous plant species (Romheld and Marschner, 
1986; Morrissey and Guerinot, 2009; Kobayashi and Nishizawa, 2012). Strategy I 
involves two main processes, Fe+3 chelate reduction at the root surface and absorption of 
Fe+2 ions across the root plasma membrane (Kobayashi and Nishizawa, 2012). Apical 
root zones increase iron uptake rates under iron deficiency through increased plasma 
membrane-bound reductase activity and H+ extrusion (Bienfait et al., 1983; Romheld and 
Kramer, 1983; Romheld et al., 1984; Romheld and Marschner, 1985). Increasing both 
reductase activity and H+ extrusion enhances Fe+3 reduction and increases iron solubility 
by lowering soil pH (Morrissey and Guerinot, 2009; Kobayashi and Nishizawa, 2012). 
Once Fe+3 is oxidized to Fe+2, Fe+2 can then be transported into root epidermal cells 
(Henriques et al., 2002; Vert et al., 2002; Varotto et al., 2002) Other processes that may 
occur under iron deficiency include the excretion of proton and phenolic compounds 
from roots to the rhizosphere, thought to either help increase Fe+3 ion solubility or 
support Fe+3 oxidation on the root surface (Kobayashi and Nishizawa, 2012).  
 Compared to strategy I plants, strategy II plants generally lack the ability to 
enhance Fe+3 chelate utilization, through increasing reductase activity and H+ extrusion, 
under iron deficiency (Romheld and Kramer, 1983; Romheld and Marschner, 1985). 
Instead, strategy II plants release nonproteinogenic amino acids (phytosiderophores), 
such as mugineic or avenic acid, from their roots to form chelates with Fe+3 (Sugiura and 
Nomoto, 1984; Takagi et al., 1984). Romheld and Marschner (1986) found Fe+3 
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phytosiderophores were readily and preferentially taken up by barley and other grasses as 
a result of not requiring Fe+3 reduction at the plasma membrane; concluding, the 
reduction of Fe+3 is not a required by strategy II plants for iron uptake. When comparing 
the two strategies for iron uptake, strategy II is more efficient than strategy I, allowing 
strategy II plants (grasses) to survive under a more severe iron deficiency (Mori, 1999). 
Strategy II iron uptake relies on the biosynthesis, synthesized through a pathway 
from S-adenosyl-L-methionine, and secretion of mugineic acid family phytosiderophores 
(MAs) (Mori and Nishizawa, 1987; Shojima et al., 1990; Bashir et al., 2006; Ueno et al., 
2007; Ma et al., 2009; Kobayashi and Nishizama, 2012). Once secreted from the root 
epidermis into the rhizosphere MAs solubilize Fe+3, the resulting Fe+3-MA complexes are 
then readily transported into root epidermis cells (Curie et al., 2001; Negishi et al., 2002; 
Nozoye et al., 2011). MAs have also been shown to be involved in the chelation and 
uptake of non-iron metals by graminaceous plants (Suzuki et al., 2006). 
 Upon entering the root symplast iron must be associated with a chelator, due to its 
poor solubility and high reactivity, to be translocated throughout the plant (Hell and 
Stephan, 2003; Kim and Guerinot, 2007; Marschner, 2012). Iron chelates are released in 
the xylem via iron efflux from the symplast into the apoplastic space (Kim and Guerinot, 
2007). Generally, iron is present in the xylem as Fe+3-citrate (Cataldo et al., 1988; Hell 
and Stephan, 2003). Evidence of Fe+3-citrate acting as the substrate of leaf ferric chelate 
reductase was found by Bruggemann et al. (1993), who described this enzymatic activity 
and that it occurred in leaf mesophyll cells. How iron uptake from the xylem into leaf 
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tissues occurs is unclear, but strategy I uptake components are thought to play a part in 
iron movement across the plasma membrane of leaf cells (Kim and Guerinot, 2007).  
 In addition to the xylem, iron must be transported by the phloem because 
transpiration flow through the xylem of developing plant organs is inefficient, and the 
remobilization of iron from older to younger leaves occurs via phloem transport (Kim 
and Guerinot, 2007). Because phloem sap pH is greater than 7, iron must be bound to a 
chelator for phloem transport (Kim and Guerinot, 2007). Kruger et al. (2002) identified 
an 11 kDa Fe transport protein (ITP) as an iron chelator in the phloem of the castor bean 
(Ricinus communis). Thus, iron is believed to be transported in the phloem as a Fe+3-ITP 
complex (Kruger et al., 2002; Kim and Guerinot, 2007). Nicotianamine (NA) has also 
been proposed to function in the transport of iron through the phloem by chelating Fe+2 
(von Wiren et al., 1999; Kim and Guerinot, 2007).  
 A study done by Tsukamoto et al. (2009) used a positron-emitting tracer imaging 
system (PETIS) to track the translocation of Fe+3 chelated with 2’-deoxymugineic acid 
(Fe+3-DMA) in barley (Hordeum vulgare L. cv. Ehimehadaka no. 1). Their results 
showed that iron was primarily translocated to younger leaf tissues through the phloem 
compared to older leaf tissues, where iron translocation mainly occurred via the xylem. 
Indicating as a leaf grows, iron translocation shifts from the phloem to xylem.  
 After translocation into a cell, iron must be compartmentalized for use in cellular 
functions and to prevent over accumulation (Kobayashi and Nishizama, 2012). Generally, 
iron is compartmentalized into the chloroplasts, mitochondria, and vacuoles. 
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Accumulating approximately 80 to 90% of cellular iron, chloroplast account for the 
largest portion of iron in plant cells (Marschner, 2012). The large accumulation of iron in 
chloroplast may be contributed to their high iron requirements for maintaining the 
structural and functional integrity of thylakoid membranes, protein synthesis, ferredoxin, 
and chlorophyll biosynthesis (Lin and Stocking, 1978; Raven et al., 1999; Marschner, 
2012).  
Under iron deficiency, photosynthetic leaf activity is generally low, leading to a 
high risk for photoinhibitory and photooxidative damage (Abadia et al., 1999). Decreased 
photosynthetic activity under iron deficiency is credited to reduced photosynthetic 
electron transport, resulting in a low ATP and NADPH availability for the Calvin Cycle 
impairing carboxylation (Marschner, 2012).  
Similar to chloroplast, mitochondria are also a cellular site for iron utilization 
(Pilon et al., 2009). Iron facilitates enzymatic reactions, electron transfer, and biogenesis 
of iron-sulfur (Fe-S) clusters in both mitochondria and plastids (Pilon et al., 2009). Fe-S 
clusters play important roles in catalysis and electron transport and appear to be closely 
associated with iron homeostasis regulation (Hansch and Mendel, 2009; Pilon et al., 
2009; Marschner, 2012). Ferredoxin is the most well-known Fe-S protein, other examples 
of Fe-S proteins include isoenzymes of superoxide dismutase (SOD) that contain iron as 
a metal component of the prosthetic group (FeSOD), and aconitase, catalyzing the 
isomeration of citrate to isocitrate in the tricarboxylic acid cycle (Brouquisse et al., 1986; 
Marschner, 2012). Superoxide dismutase acts as a defense to detoxify superoxide anion 
free radicals (O2
-) by producing hydrogen peroxide (H2O2) (Fridovich, 1983). H2O2 can 
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also be potentially toxic. However, catalases and peroxidases work synergistically with 
SODs to eliminate H2O2 (Fridovich, 1983). FeSOD in particular, is the main SOD found 
in chloroplasts but may also be found in mitochondria and peroxisomes in the cytoplasm 
(Fridovich, 1983; Kwiatowsky et al., 1985; Droillard and Paulin, 1990).  
Vacuoles generally function as a site for iron storage and remobilization (Kim and 
Guerinot, 2007). Excess iron is accumulated and stored in the vacuoles to avoid potential 
iron toxicity (Kim and Guerinot, 2007; Kobayashi and Nishizama, 2012). When the 
external supply of iron is insufficient, vacuoles release stored iron into the cytosol (Kim 
and Guerinot, 2007). 
Maintaining iron homeostasis through the coordinated regulation of its transport 
between different cellular compartments, utilization, and storage is essential for 
metabolic activities (Briat et al., 2007; Pilon et al., 2009; Jeong and Guerinot, 2009). 
Under deficiency, iron distribution in chloroplasts shifts from the stroma to increase 
lamellar iron concentrations (Marschner, 2012). The shift in iron occurs because iron can 
be stored in the stroma of plastids as phytoferritins (plant ferritin), which are able to store 
as much as 5,000 atoms of iron as Fe+3 (Marschner, 2012). Concentrations of 
phytoferritin are high, as much as 50% of the total iron, in dark-grown leaves but 
diminish rapidly during regreening (Mark et al., 1981). Young leaf tissues utilize 
phytoferritin-bound iron as a significant source for iron during photosynthesis for the 
biosynthesis of iron-containing proteins (Briat et al., 2010). In pea plants, Marentes and 
Grusak (1998) found iron bound with phytoferritin accounted for 92% of the total iron in 
seed embryos indicating phytoferritin as a possible major form of iron storage in seeds. 
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However, there are large genetic variations of phytoferritin-bound iron concentrations in 
seeds across plant species (Marschner, 2012). For example, phytoferritin-iron 
concentrations in legumes range from 15% of the total iron in kidney beans to 69% in 
lentils (Hoppler et al., 2009). Phytoferritin is present in chloroplasts and seeds but can 
also be found in the xylem and phloem, is a vital component to maintain iron homeostasis 
and protect against oxidative damage (Smith et al., 1984; Ravet et al., 2009; Briat et al., 
2010).  
Iron Deficiency 
Iron deficiency is likely to occur when the tissue content of iron is less than 150 
mg kg-1, and can be identified by chlorotic young leaf tissues (Marschner, 2012) 
Chlorosis from iron deficiency begins with newly developed leaves turning light green 
then yellow, whereas older leaves remain green (Harivandi, 1987). An iron deficient leaf 
can be characterized by interveinal yellowing with veins remaining green, except under 
severe or prolonged iron deficiency. Even though deficiency symptoms are similar, iron 
deficiency can be distinguished from nitrogen deficiency because of its randomly 
scattered appearance over an area. However, excess nitrogen fertilization may induce or 
accentuate iron chlorosis, especially when shoot growth exceeds root growth (Harivandi, 
1987). Many factors influencing iron availability may result in deficiency.  
Several soil factors including soil iron content, interactions with other trace 
elements, soil phosphorus content, and soil pH may cause iron deficiency (Harivandi, 
1987). Iron in soils may not be available to plants even though most contain adequate 
levels of iron, and availability can be further reduced by the high leaching potentials and 
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low cation exchange capacities of some soils (Wehner, 1992). Other trace elements such 
as manganese, zinc, and copper have an antagonistic relationship with iron and when 
present in excess can reduce iron uptake by plants (Horn, 1963; Ghasemi-Fasaei and 
Ronaghi, 2008). High soil phosphorus content may also result in iron deficiency by either 
forming insoluble iron phosphates when soil pH is low or causing iron deposition on the 
root surface at high soil pH (Horn, 1963; Wehner, 1992). 
Turfgrasses commonly experience iron deficiency in alkaline calcareous soils 
because iron availability is vastly reduced when soil pH is higher than 7; this is 
commonly known as lime-induced chlorosis (Harivandi, 1987; Marschner, 2012). Iron 
chlorosis may also occur when irrigation water contains high levels of bicarbonate ions 
(Wehner, 1992). As the root zone pH increases, bicarbonate ions may co-precipitate with 
iron to form iron hydroxide and cause iron deficiency (Harivandi, 1987).  
In addition to interactions with other nutrients, iron availability in soils is also 
affected by temperature, soil moisture, and organic matter content (St. John et al., 2013). 
High temperature stress during midsummer can induce iron chlorosis, occurring on 
several cool-season turfgrasses grown on both sand and clay-loam soils. Iron availability 
can be improved by adding organic matter to soils, increasing micronutrient solubility 
through chelation reactions, and improving soil aeration (Havlin et al., 2014). 
Several plant related factors may also cause iron deficiency to occur. Poor root 
systems do not absorb iron efficiently and may result in deficiency, particularly in cases 
where a soil related iron deficiency factor is present (Harivandi, 1987; Wehner, 1992). 
Even though iron deficiency affects both cool season and warm season turfgrasses, a 
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wide range of responses has been observed across different cultivars (Harivandi and 
Butler, 1980; McCaslin et al., 1981). From these results it can be concluded the ability to 
tolerate low levels of iron differs according to turfgrass cultivar.  
Treating Iron Deficiency 
Treating iron deficiency in turfgrasses can be accomplished through applying iron 
fertilizers, selecting an iron efficient cultivar, using soils with a low calcium carbonate 
concentration during construction, or changing management practices to strengthen the 
root system (Wehner, 1992). Common approaches to treating iron deficiency through 
fertilization include foliar spray application at a low rate of iron (1.12 – 4.48 kg Fe ha-1), 
soil application at a relatively high rate (23.99 kg Fe ha-1), or application of a strongly 
acidifying fertilizer (Wehner, 1992).  
Most common forms of iron fertilizers are inorganic iron salts or organic iron 
chelates. Iron salts are water soluble forms of iron containing iron or iron and ammonium 
as cations paired with an anion such as sulfate (Wehner, 1992). Examples of inorganic 
iron salts include ferrous sulfate (FeSO4), ferric sulfate, and ferrous ammonium. In iron 
chelate fertilizers, iron ions (Fe+2 or Fe+3) are bound to organic molecules, thus allowing 
iron to be more available to plants (Wehner, 1992; Hull, 1999). NaFeDTPA (sodium 
ferric diethylenetriaminepentaacetate marketed as Sequestrene 330, 10 percent iron) is a 
commonly used iron chelate form on turfgrasses (Hull, 1999).  
FeSO4 tends to be the most commonly applied iron fertilizer, even though iron 
chelates are often superior for treating iron deficiency, because FeSO4 is much cheaper 
than commercial chelates (Hull, 1999). Applications of FeSO4 to both the foliage and soil 
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can correct iron deficiency symptoms (Minner and Butler, 1984). However, when applied 
to near-neutral or alkaline soils, FeSO4 rapidly converts to insoluble forms of iron such as 
iron hydroxides, iron phosphates, or iron carbonates (Wehner, 1992; Sartain, 1999). As a 
result of potential iron immobilization from soil applications, FeSO4 is typically applied 
to the foliage because foliar iron application can be more effective at alleviating iron 
deficiency (Hull, 1999; Sartain, 1999).  
Iron Toxicity 
 When applied at high rates iron can also cause turfgrasses to become very dark 
green to blackish green in color (Yust et al., 1984; Lee et al., 1996). Temperature and 
nitrogen fertilization rates may cause the iron rate to vary where toxicity occurs in 
turfgrasses (Yust et al., 1984; Carrow et al., 1988). Carrow et al. (1988) found on warm 
days when temperatures ranged from 21 to 33°C, 2.0 kg Fe ha-1 could be applied to 
centipedegrass without phytotoxicity occurring but only 0.73 kg Fe ha-1 at temperatures 
on hot days (28 to 37.5°C). 
Increasing nitrogen rates from 9.8 to 39 kg N ha-1 also decreased the iron rate 
centipedegrass could tolerate from 2.0 to less than 1.0 kg Fe ha-1. Normally, iron 
phototoxicity is only temporary with turfgrasses recovering rapidly under favorable 
growing conditions, generally within one to two weeks (Yust et al., 1984).  
Moderate iron toxicity in turfgrasses is not viewed negatively because turfgrasses 
are only temporarily injured and have a dark green color (Yust et al., 1984; Lee et al., 
1996). However, excessive applications of iron may have lasting toxic effects, especially 
when soil conditions are acidic and saturated, resulting in the deficiency of other 
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micronutrients such as manganese (Ghasemi-Fasaei and Ronaghi, 2008; St. John et al., 
2013). 
Iron can also react with soil sulfur under anaerobic conditions to form a black 
layer in the soil (St. John et al., 2013). Black layers are formed when hydrogen sulfide 
gas, produced by anaerobic bacteria, reacts with iron to generate black deposits (Hodges, 
1992). Factors contributing to the formation of black layers include excess rain or 
irrigation, inadequate subsurface drainage, and presence of an organic layer (Hull, 1999). 
Black layers are considered to be a very serious issue on golf course putting greens 
because they inhibit turfgrass growth and cause turf decline (Hodges, 1992; Waddington, 
1992). 
Turfgrass Iron Usage 
 In many cases iron is applied to enhance turfgrass color, not treat iron deficiency, 
as deficiency is uncommon in many parts of the United States (Wehner, 1992). However, 
iron chlorosis can be problematic on golf courses, where putting greens are constructed 
with a high sand content root zone and irrigation water quality is marginal (Wehner, 
1992). It is a common practice to use foliar applied iron as an alternative to high nitrogen 
fertilization (Yust et al., 1984; Carrow et al., 1988). Iron cannot completely replace 
nitrogen because both nutrients are required for chlorophyll synthesis, and therefore, both 
must be present in sufficient amounts (Hull, 1999).  
 Several studies have shown nitrogen fertilization can be reduced when 
supplemented with foliar iron applications. Results from a study done by Schmidt and 
Synder (1984) on creeping bentgrass (Agrostis palustris Huds.) suggested iron used in 
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conjunction with nitrogen could be used to enhance turfgrass color but could not replace 
nitrogen. Yust et al. (1984) found applying iron and a reduced rate of nitrogen compared 
favorably to a high nitrogen rate. They recommended iron rates should not exceed 2.2 kg 
ha-1 but noted high rates of iron did not result in significant foliar phototoxicity on a 
mixed stand of Kentucky bluegrasses. Centipedegrass [Eremochloa ophiuroides (Munro.) 
Hack.] color can also be enhanced by applying iron and nitrogen; however, iron should 
be cautiously applied due to the sensitivity of centipedegrass to iron phototoxicity 
(Carrow et al., 1988). Color enhancement from foliar iron applications is typically short-
lived on vigorously growing turfgrasses (Yust et al., 1984; Carrow et al., 1988).  
 Iron fertilization late in the growing season may be beneficial to retaining fall 
color in warm-season turfgrasses. Munshaw et al. (2006) found turfgrass quality to 
increase late in the growing season for hybrid bermudagrasses treated with iron. Another 
study observed when ambient air temperatures reached chilling or frost conditions, iron 
applications helped ‘Midiron’ bermudagrass [Cynodon dactylon (L.) Pers.] retain more 
green color than grasses not treated with iron (White and Schmidt, 1990). Such research 
has shown iron may have potential to be used for retaining color later into the fall on 
warm season turfgrasses. 
 Our objectives are to investigate the responses of Diamond zoysiagrass and 
Tifgrand bermudagrass to varying levels of shade and different rates of iron under field 




IRON FERTILIZATION ON TWO WARM-SEASON TURFGRASSES UNDER 
SHADE AND FULL SUN IN THE SOUTHERN TRANSITION ZONE 
Introduction 
 Bermudagrass and zoysiagrass are among the most commonly used warm-season 
turfgrasses in the southern transition zone (Beard, 1973). Producing a high quality dense 
turf with an aggressive growth habit, bermudagrasses have adapted to withstand different 
ranges of fertility, pH, and temperature with an excellent tolerance to wear, drought, and 
salinity (Hanna and Maw, 2007; Baldwin et al., 2009a; Dunne et al., 2015). Many golf 
courses in warm to hot climatic zones have adapted the use of zoysiagrass because of its 
ability to tolerate stresses and unfavorable conditions, including shade or low light 
intensity, salinity, drought, wear, heat, and cold (Warmand et al., 1998; Qian and 
Engelke, 1999a; Qian and Engelke, 1999b; White et al., 2001; Engelke et al., 2002; 
Patton and Reicher, 2007; Baldwin et al., 2009a; Stiglbauer et al., 2009; McCarty, 2018). 
With 25% of turf in the United States grown under shade, warm-season turfgrasses may 
be negatively impacted by shade having evolved to be grown in full-sunlight (Gardner 
and Goss, 2013; Emmons and Rossi, 2016). Generally, bermudagrasses have a poor 
tolerance to shade whereas zoysiagrass have a higher tolerance.  
 Previous research has found Tifgrand bermudagrass to be among bermudagrass 
cultivars with the best shade tolerance, with the ability to maintain acceptable turf quality 
in lower light environments (Hanna and Maw, 2007; Baldwin et al., 2008). Even though 
Tifgrand bermudagrass had an unacceptable turf quality when grown under 64% 
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continuous shade, it has shown to be a suitable choice for a warm-season turfgrass 
growing under light to moderately shaded conditions (Baldwin et al., 2008).  
 Although zoysiagrasses in general have a higher tolerance to shade than 
bermudagrasses, Diamond zoysiagrass has been distinguished from other zoyisagrasses 
as having a superior tolerance to shade (Engelke et al., 2002). Qian et al. (1998) found 
when grown under 88% and 75% shade, Diamond zoysiagrass was able to maintain an 
acceptable turf quality and had a darker green color than the other turfgrasses tested. 
Even though Diamond lacks winter hardiness, when grown in the southern transition 
zone and below, it can maintain an acceptable turf quality even under 75% to 81% shade 
(Baldwin and Liu, 2008; McCarty, 2018; Qian et al., 1998; Qian and Engelke, 1999a). 
 Iron fertilization is a common practice used to enhance turfgrass color. Iron is 
typically applied in the form of inorganic salts, such as ferrous sulfate (FeSO4), or 
organic iron chelates (Wehner, 1992). Research has shown there to be an enhancement in 
turfgrass color under iron fertilization, even when nitrogen fertilization rates are reduced 
(Yust et al., 1984). Thus, iron fertilization is being implemented as an alternative to high 
nitrogen fertilization, achieving a dark green turf color while reducing nitrogen 
fertilization rates.  
 Iron fertilization improves the fall color retention of turfgrasses once ambient air 
temperature reached chilling or frost conditions with more green turf coverage than 
turfgrasses not fertilized with iron (White and Schmidt, 1990). White and Schmidt (1989) 
concluded bermudagrasses should maintain higher levels of turfgrass quality once 
exposed to chilling temperatures through foliar iron applications. Although research has 
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found iron fertilization to be beneficial for better fall color retention, some studies have 
showed there to be no effect of iron fertilization on spring green-up (Munshaw et al., 
2006).  
 As a structural component of chloroplasts and enhancing turf color, application of 
iron fertilizers may be beneficial to turf grown in both full sun and shaded environments. 
Thus, the objective of this study was to determine whether iron fertilization improves 
turfgrass quality and color of Diamond zoysiagrass and Tifgrand bermudagrass through 
examining the parameters of turfgrass quality, normalized difference vegetative index 
(NDVI), chlorophyll content, shoot biomass, root biomass, and tissue nutrient 
concentrations. 
Materials and Methods 
 A research project was repeated in 2017 and 2018, at the Clemson University 
Turfgrass Research Center, in Clemson, SC. Year I was conducted from 17 May 2017 – 1 
November 2017. Year II was conducted from 17 May 2018 – 29 October 2018.  
‘Diamond’ zoysiagrass [Zoysia matrella (L.) Merr] and ‘Tifgrand’ bermudagrass 
(Cynodon transvaalensis Burt-Davy × C. dactylon) fairways, grown on a native clayey 
soil, were utilized in this study. Mowing was performed four to five times a week 
throughout the growing season at a 1.27 cm height of cut. Irrigation was provided on an 
as needed basis to prevent drought stress and/or wilting. Core aerification occurred once 
during the peak growing season of year I. No topdressing took place during the study. 
During year I and II, nitrogen was provided in the form of urea (46N-0P-0K) at a 
rate of 9.76 kg N ha-1. Urea was foliar applied on 6 July 2017, 20 July 2017, 3 August 
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2017, and 17 August 2017 in year I. In year II urea was foliar applied on 6 July 2018, 19 
July 2018, and 16 August 2018. Prior to initiation of year I, 19N-8.3P-15.8K was applied, 
in granular form, under the shade tarp a rate of 24.41 kg N ha-1 on 17 April 2017. Foliar 
applications of 5N-0P-5.8K occurred on full-sun plots 17 April 2017 and 2 May 2017 at 
rate of 9.76 kg N ha-1. Fertilization differed between full-sun and shaded plots because 
the Toro® boom sprayer (Multi-Pro® 1250, The Toro Company, Bloomington, MN) used 
to apply fertilizers to full-sun plots was wider than the shade structure, thus, granular 
fertilizers were applied using a Lesco® rotary spreader (Lesco® 101186 spreader, Rocky 
River, OH) to shaded plots. 
Primo Maxx (Figure A.21.), Trinexapac-ethyl, 11.3% active ingredient, was 
applied every two weeks beginning 22 June 2017 through 17 August 2017 in year I and 
21 June 2018 through 16 August 2018 in year II. The initial applications of Primo were at 
a rate of 219.23 mL ha-1, subsequent application rates were 438.47 mL ha-1. Primo is 
often applied on golf courses to reduce shoot elongation of turfgrasses under shade. In 
this research, Primo was applied to replicate common management practices used on golf 
courses. 
 Light treatments included a control, 0% (full sunlight), and 40% continuous shade 
applied using a high density polyethylene black shade cloth (International Greenhouse 
Company, Danville, IL). A shade structure, measuring 28.0 m in length and 9.1 m in 
width, was constructed of metal over a Diamond zoysiagrass and Tifgrand bermudagrass 
fairway. The shade structure was constructed to prevent any morning or evening sunlight 
encroachment but also maintain adequate air movement.  
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 Iron (Fe) treatments were applied to the foliage using dried ferrous sulfate 
[FeSO4·H2O] (Figure A.20.) at four different rates, 0 (control), 1, 3, and 5 kg Fe ha
-1, to 
plots measuring 2.7 m in length and 0.9 m in width. Applications of Fe in year I began on 
18 May 2017, occurred every three weeks, and ended on 12 October 2017. Initial Fe 
treatment of year II was on 21 May 2018, with Fe treatments occurring every three 
weeks, ending on 9 October 2018. Nitrogen, trinexapac-ethyl, and Fe were all applied to 
the turf foliage using a CO2-pressurized backpack sprayer. 
Parameters Measured 
 Data collections were identical in year I and II and included visual turfgrass 
quality (TQ), normalized difference vegetative index (NDVI), shoot chlorophyll index, 
clipping yield, shoot tissue nutrient concentrations, and ash free burn-off weight. Total 
root and verdure biomass was measured and verdure bulk density was calculated at the 
end of year II. 
Turf Quality 
 Visual TQ was based on visual color, density, texture, and uniformity of the 
Diamond zoysiagrass and Tifgrand bermudagrass surfaces. TQ ratings were scored on a 
scale from 1 to 9, 1 = brown, dead turfgrass, 7 = minimally acceptable turfgrass, 9 = 
perfect green, healthy turfgrass.  
Normalized Difference Vegetative Index 
NDVI measures reflectance in the red (660 nm) and near infrared (850 nm) 
spectral bands to estimate turf color or density of live green color (Bell et al., 2002; 
Carter, 1993). Greener, healthier turfgrasses are generally indicated by a higher NDVI 
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reading (Bell et al., 2002). NDVI was measured on a scale from 0 to 1 using a NDVI 
meter (Model FieldScout TCM 500 NDVI Turf Color Meter, Spectrum Technologies, 
Inc.) placed directly on the turfgrass surface. Three NDVI readings were taken per plot 
and averaged for a whole plot NDVI reading. 
Chlorophyll Index 
Chlorophyll index was recorded weekly with a chlorophyll meter (FieldScout CM 
1000 Chlorophyll Meter, Spectrum, Technologies, Inc.) as an index of relative 
chlorophyll content from 0 to 999, calculated using ambient and reflected light at 700 nm 
and 840 nm wavelengths. Generally, a higher chlorophyll index results from green, 
healthy turf whereas, brown, dead turf produces a lower chlorophyll index. Three 
readings were also taken across each plot and averaged for a whole plot reading. 
Clipping Yield 
 Clipping yield (g m-2) was collected every 3 weeks after an iron treatment, five 
clipping harvest occurred during each year of the study. Following one week of growth, 
shoot tissue was collected using a walk behind Toro® greens mower (Greensmaster® 
800, The Toro Company, Bloomington, MN) at a 1.27 cm height of cut. After collection 
of the clippings, samples were oven dried at 80°C for at least 72 hours and weighed to 
quantify clipping yield.  
Tissue Nutrient Concentrations 
 Tissue concentrations (mg kg-1) of phosphorus (P), potassium (K), calcium (Ca), 
magnesium (Mg), sulfur (S), iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), and 
sodium (Na) were determined on one set of shoot tissue samples collected for clipping 
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yield during June, July, August, September, and October in year I and II. Samples were 
sent to the Clemson Agricultural Service Laboratory to conduct tissue nutrient analysis, 
determined by a wet ashing procedure for using HNO3+30%H2O2 (Appendix B) and 
labeled ICP (Model ARCOS FHS12, Ametek Materials Analysis Division, Spectro 
Analytical Instruments GmbH Boschstrasse 10, 47533 Kleve, Germany). 
Ash Free Burn-off Weight 
 Ash free burn-off weight (g m-2) was measured in year 1 and year II. One sample 
was harvested from each plot using a cylindrical core harvester, with a diameter of 10.8 
cm, to a depth of 20 cm. After samples were harvested, holes on each plot were filled 
with a native clayey soil and plugs, with roots cut off, were placed back on top of each 
hole in order to not sacrifice plot area needed for other data parameters. Roots were 
washed thoroughly to remove all native soils and oven dried for at least 72 hr at 80°C. 
Oven dried samples were weighed for dry sample weight and placed into a muffle 
furnace (Benchtop Muffle Furnace LMF-A550, Omega Engineering, Inc., Stamford, CT) 
for 3 hr at 525°C, weighed again to provide ash weight. Ash free burn-off weight of a 
sample was calculated by subtracting ash weight from dry weight.  
Total Root and Verdure Biomass 
 Total root and verdure biomass (g m-2) was measured in year 2. Three samples 
were harvested from each plot with a cylindrical core harvester, 10.8 cm in diameter, to a 
depth of 20 cm. Once samples were harvested, holes on each plot were filled with native 
clayey soil. Plugs were washed thoroughly to remove all native soils, roots were cut off 
the verdure, and separated to be oven dried for at least 72 hr at 80°C. Oven dried samples 
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were weighed for dry sample weight, placed into a muffle furnace (Benchtop Muffle 
Furnace LMF-A550, Omega Engineering, Inc., Stamford, CT) for 3 hr at 525°C and then 
weighed again to provide ash weight. Total root and verdure biomass was calculated by 
subtracting ash weight from dry sample weight of roots or verdure and adding ash root 
biomass with verdure biomass to determine total root and verdure biomass for each 
sample. 
Verdure Bulk Density 
  Verdure bulk density (g cm-3) was calculated in year 2. Verdure depth, including 
thatch, was measured in four different places on each sample and averaged for average 
depth (cm). Average depth was multiplied by the surface area harvested using a 
cylindrical core harvester (10.8 cm in diameter) to provide total the volume of verdure 
including thatch. Verdure bulk density was calculated by dividing dry weight (g) by total 
verdure and thatch volume (cm3) for each sample. 
Data Analysis 
 Treatments, four Fe levels, were arranged in a randomized complete block design 
with four replications (Figure 3.1). Treatments were applied to the same plots in year I 
and II. Due to geographical differences in location, statistical analysis was separated into 
four independent studies, Diamond zoysiagrass under shade (Figure A.1.), Tifgrand 
bermudagrass under shade (Figure A.3.), Diamond zoysiagrass under full-sun (Figure 
A.5.), and Tifgrand bermudagrass under full-sun (Figure A.7.). Statistical analyses were 
performed using ANOVA within the JMP® Pro system (Version 13.2.0, SAS Institute, 




Figure 3.1. Field study plot layout for Fe treatments in year I and II. 
 
Results 
Results for each parameter measured are presented separately by individual study 
and discussed in the order of Diamond zoysiagrass under shade, Tifgrand bermudagrass 
under shade, Diamond zoysiagrass under full-sun, and Tifgrand bermudagrass under full-
sun. 
Turfgrass Quality 
 Differences in treatment interactions between years occurred for Diamond 
zoysiagrass under shade (p = 0.0039); thus, yearly results are presented separately (Table 
3.1 and 3.2; Figure 3.2). In year I differences in turf quality (TQ) between Fe treatments 
were only found in week 14, TQ was observed to increase as Fe level increased, ranging 
from 7.25 (control) to 7.50 (1 kg ha-1 Fe), and 8.00 (3 and 5 kg ha-1 Fe). Similarly, TQ in 
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year II was found to be higher for plots treated with Fe during weeks 1, 5, and 22. 
However, in week 18 TQ was lowest for plots treated with 3 kg ha-1 Fe. 
 Yearly TQ results for Tifgrand bermudagrass under shade are presented 
separately (Table 3.3 and 3.4; Figure 3.3) because treatment interactions differed between 
years (p = 0.0300). Variations in TQ between Fe levels occurred in week 12 of year I, 
increasing from 7.00 (control), to 7.50 (1 kg ha-1 Fe), and then to 8.00 (3 and 5 kg ha-1 
Fe) but, Fe treatments did not have any significant impacts on TQ in year II. 
 There were differences in treatment interactions between years for Diamond 
zoysiagrass under full-sun (p = <0.0001); therefore, yearly results are presented 
separately (Table 3.5 and 3.6; Figure 3.4). Plots treated with Fe were observed to have 
higher TQ scores compared to the control in both years. 
 Treatment interactions were not different between years (p = 0.1624) for Tifgrand 
bermudagrass under full-sun; thus, yearly data were pooled (Table 3.7; Figure 3.5). TQ 
was found to be lowest for plots not treated with Fe during weeks when differences in TQ 
were found between Fe levels. Overall, the TQ of Tifgrand bermudagrass under full-sun 




Table 3.1. Turfgrass quality† of Diamond zoysiagrass under shade in response to iron (Fe) in year I.   
  Week 
Fe (kg ha-1) 0ǂ 1 2 3 4 5 6 7 8 9 10 11 12  
0  5.75 5.50 5.25 5.25 6.25 6.50 6.50 6.50 6.50 7.00 8.00 7.25 7.25  
1  5.00 6.00 5.75 6.25 6.75 6.25 6.50 6.50 7.00 7.25 8.00 7.75 7.75  
3  5.50 6.25 5.75 5.75 6.50 6.25 6.75 5.50 7.25 7.25 8.00 7.25 7.75  
5  6.25 6.50 6.00 5.50 6.75 6.50 7.00 7.25 7.50 7.50 8.00 7.50 7.50  
SE ±  0.93 0.94 0.76 0.76 0.60 0.48 0.70 0.38 0.41 0.39 0.00 0.29 0.21  
 ANOVA        
Source Df               
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS NS  
  Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24   
0  8.00 7.25 b 7.25 7.75 7.75 7.75 7.75 8.00 8.00 8.00 7.75 7.25   
1  8.00 7.50 ab 7.50 7.75 7.75 8.00 7.50 8.00 8.00 8.00 7.50 7.25   
3  8.00 8.00 a 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00   
5  8.00 8.00 a 8.00 8.25 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00   
SE ±  0.00 0.17 0.21 0.17 0.19 0.13 0.17 0.00 0.00 0.00 0.17 0.25   
 ANOVA        
Source Df               
Fe 3 NS * NS NS NS NS NS NS NS NS NS NS   
† Turfgrass Quality based on a 1-9 scale, 1 = brown/dead, 6 = minimally acceptable, 9 = healthy/green. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.  
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Table 3.2. Turfgrass quality† of Diamond zoysiagrass under shade in response to iron (Fe) in year II.  
  Week 
Fe (kg ha-1) 0ǂ 1 3 4 5 6 7 8 9 10 11 12  
0  5.00 4.75 b 5.50 6.00 6.00 b 6.25 6.50 7.00 7.00 7.00 6.50 6.75  
1  5.00 5.25 ab 6.00 5.75 6.75 a 6.50 6.75 7.25 7.00 6.75 6.75 7.00  
3  6.00 5.50 a 6.25 6.00 6.75 a 6.50 7.00 7.25 6.75 7.00 7.00 7.00  
5  6.00 5.75 a 6.25 6.75 7.00 a 7.00 7.25 7.25 6.75 7.25 7.00 7.00  
SE ±  0.33 0.21 0.20 0.38 0.14 0.24 0.22 0.21 0.19 0.33 0.27 0.13  
 ANOVA        
Source Df              
Fe 3 NS * NS NS ** NS NS NS NS NS NS NS  
  Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24  
0  7.50 7.75 7.75 7.75 7.00 7.00 bc 7.25 7.75 7.25 7.00 b 7.50 7.50  
1  7.50 7.50 7.50 7.75 7.25 7.50 ab 7.50 8.00 7.50 8.00 a 8.00 8.00  
3  7.25 7.25 7.75 7.50 7.00 6.75 c 7.50 8.00 7.50 7.50 ab 7.75 7.75  
5  7.25 7.75 8.00 8.00 7.50 7.75 a 7.75 8.00 7.75 7.75 a 8.25 8.00  
SE ±  0.36 0.29 0.24 0.24 0.21 0.20 0.17 0.13 0.29 0.21 0.19 0.17  
 ANOVA       
Source Df              
Fe 3 NS NS NS NS NS * NS NS NS * NS NS  
† Turfgrass Quality based on a 1-9 scale, 1 = brown/dead, 6 = minimally acceptable, 9 = healthy/green. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 











Table 3.3. Turfgrass quality† of Tifgrand bermudagrass under shade in response to iron (Fe) in year I.   
  Week 
Fe (kg ha-1) 0ǂ 1 2 3 4 5 6 7 8 9 10 11 12  
0  4.50 5.50 5.25 6.75 6.25 6.50 6.50 6.50 7.00 7.50 7.50 7.75 7.00 c  
1  4.50 5.75 5.75 7.25 7.00 7.00 6.75 7.25 7.50 7.75 7.75 7.75 7.50 b  
3  4.75 5.75 6.25 7.00 6.50 6.75 7.50 7.25 7.75 8.00 8.00 8.00 8.00 a  
5  4.75 6.00 6.00 7.00 7.00 6.50 7.00 7.00 7.75 8.00 7.75 8.00 8.00 a  
SE ±  0.61 0.62 0.70 0.66 0.50 0.58 0.50 0.24 0.29 0.21 0.24 0.14 0.14  
 ANOVA         
Source Df               
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS **  
  Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24   
0  8.00 7.00 7.00 7.00 7.00 7.50 7.50 7.25 7.00 6.75 6.75 6.50   
1  8.00 6.75 7.00 7.00 6.50 7.50 7.50 7.50 7.50 7.00 6.75 6.75   
3  8.00 7.00 7.50 7.25 7.25 8.00 7.75 7.25 7.25 7.25 6.75 6.75   
5  7.75 7.00 7.50 7.50 7.25 8.00 8.00 7.75 7.50 7.50 7.00 7.00   
SE ±  0.13 0.13 0.20 0.17 0.29 0.20 0.24 0.29 0.32 0.30 0.32 0.44   
 ANOVA        
Source Df               
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS   
† Turfgrass Quality based on a 1-9 scale, 1 = brown/dead, 6 = minimally acceptable, 9 = healthy/green. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.
67 
 
Table 3.4. Turfgrass quality† of Tifgrand bermudagrass under shade in response to iron (Fe) in year II.  
  Week 
Fe (kg ha-1) 0ǂ 1 3 4 5 6 7 8 9 10 11 12  
0  7.25 7.00 6.00 7.00 7.00 7.00 6.75 8.00 7.00 6.75 7.00 7.00  
1  7.00 7.00 6.00 7.00 7.00 7.25 7.00 8.00 7.00 6.75 7.00 7.00  
3  7.50 7.00 6.00 7.00 7.00 7.50 7.00 8.00 7.00 7.00 7.00 7.00  
5  7.25 7.00 6.00 7.00 7.00 7.75 7.00 8.00 7.00 7.25 7.00 7.25  
SE ±  0.20 0.00 0.00 0.00 0.00 0.19 0.13 0.00 0.00 0.24 0.00 0.13  
 ANOVA        
Source Df              
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS  
  Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24  
0  8.00 7.50 7.75 7.75 6.50 7.50 7.00 6.50 7.25 6.50 6.75 6.25  
1  7.75 7.75 7.75 8.00 7.00 8.00 7.00 6.50 7.50 6.75 7.00 6.25  
3  7.50 7.75 7.50 8.00 7.00 7.75 7.25 6.75 7.75 7.00 7.75 6.75  
5  8.00 7.50 7.75 8.00 7.00 7.75 7.25 6.75 7.75 7.25 7.50 7.00  
SE ±  0.17 0.30 0.29 0.13 0.14 0.24 0.19 0.19 0.17 0.22 0.24 0.27  
 ANOVA       
Source Df              
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS  
† Turfgrass Quality based on a 1-9 scale, 1 = brown/dead, 6 = minimally acceptable, 9 = healthy/green. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 








Table 3.5. Turfgrass quality† of Diamond zoysiagrass under full-sun in response to iron (Fe) in year I.   
  Week 
Fe (kg ha-1) 0ǂ 1 2 3 4 5 6 7 8 9 10 11 12  
0  7.50 7.25 7.00 6.75 c 7.50 7.00 7.00 7.00 c 7.25 7.75 7.75 7.25 b 7.00  
1  7.75 8.00 7.75 7.00 bc 7.75 7.50 7.00 7.00 c 7.50 8.00 8.00 7.75 ab 7.25  
3  7.50 7.75 7.75 7.75 a 7.75 7.50 7.00 7.50 b 7.75 8.00 8.00 8.00 a 7.50  
5  7.50 7.75 7.75 7.50 ab 8.00 7.50 7.00 8.00 a 8.00 7.75 8.00 8.00 a 7.50  
SE ±  0.13 0.32 0.27 0.20 0.17 0.14 0.00 0.14 0.19 0.19 0.13 0.17 0.17  
 ANOVA         
Source Df               
Fe 3 NS NS NS * NS NS NS ** NS NS NS * NS  
  Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24   
0  7.75 7.00 c 7.00 7.00 b 7.00 b 7.00 b 6.75 6.50 7.25 6.50 b 6.75 b 7.00   
1  8.00 7.25 bc 7.25 7.25 ab 7.50 ab 7.00 b 7.00 7.00 7.50 7.25 ab 7.25 b 7.50   
3  8.00 7.75 ab 7.50 7.75 a 8.00 a 7.25 ab 7.50 7.25 7.75 7.75 a 8.00 a 7.75   
5  8.00 8.00 a 7.25 7.75 a 8.00 a 7.75 a 7.50 7.50 7.75 7.75 a 8.00 a 8.00   
SE ±  0.13 0.17 0.24 0.17 0.22 0.17 0.32 0.27 0.21 0.24 0.17 0.29   
 ANOVA        
Source Df               
Fe 3 NS ** NS * * * NS NS NS * ** NS   
† Turfgrass Quality based on a 1-9 scale, 1 = brown/dead, 6 = minimally acceptable, 9 = healthy/green. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.  
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Table 3.6. Turfgrass quality† of Diamond zoysiagrass under full-sun in response to iron (Fe) in year II.  
  Week 
Fe (kg ha-1) 0ǂ 1 3 4 5 6 7 8 9 10 11 12  
0  7.50 7.25 7.50 7.50 7.25 7.50 7.00 7.50 7.50 6.75 6.75 7.75  
1  7.50 7.50 7.50 7.50 7.75 7.75 7.25 7.50 7.75 7.50 7.25 7.75  
3  7.75 7.75 7.50 7.75 7.75 8.00 7.50 7.75 7.25 7.00 7.00 8.00  
5  7.50 8.00 7.75 8.00 8.00 8.00 7.50 7.75 7.75 7.75 7.50 8.00  
SE ±  0.38 0.32 0.13 0.24 0.17 0.21 0.17 0.14 0.17 0.24 0.25 0.19  
 ANOVA        
Source Df              
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS  
  Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24  
0  7.25 7.50 7.25 6.75 b 6.50 b 5.75 6.50 6.00 b 5.75 6.00 b 5.50 b 5.75 b  
1  7.75 7.75 7.75 7.50 ab 6.75 b 6.50 7.25 6.25 b 6.25 6.50 b 6.00 b 6.25 b  
3  8.00 7.75 7.75 7.75 a 7.00 ab 6.25 7.00 6.25 b 6.00 7.25 a 7.00 a 7.25 a  
5  8.00 8.00 8.00 7.75 a 7.50 a 6.75 7.25 7.00 a 6.50 7.75 a 7.25 a 7.25 a  
SE ±  0.29 0.31 0.27 0.24 0.21 0.27 0.24 0.19 0.22 0.22 0.17 0.28  
 ANOVA       
Source Df              
Fe 3 NS NS NS * * NS NS * NS ** *** **  
† Turfgrass Quality based on a 1-9 scale, 1 = brown/dead, 6 = minimally acceptable, 9 = healthy/green. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 










Table 3.7. Turfgrass quality† of Tifgrand bermudagrass under full-sun in response to iron (Fe).    
  Week 
Fe (kg ha-1) 0ǂ 1 2 3 4 5 6 7 8 9 10 11 12  
0  7.25 7.25 b 7.00 7.13 7.13 b 7.00 c 7.00 c 7.25 7.00 b 7.25 6.88 7.00 7.63  
1  7.50 7.75 a 7.00 7.38 7.25 b 7.50 b 7.25 bc 7.50 7.00 b 7.50 7.13 7.38 7.75  
3  7.38 7.88 a 7.00 7.50 7.50 ab 8.00 a 7.50 ab 7.63 7.25 ab 7.63 7.50 7.38 7.75  
5  7.38 7.88 a 7.50 7.63 7.88 a 8.00 a 7.75 a 7.88 7.50 a 7.88 7.50 7.38 7.88  
SE ±  0.19 0.13 0.14 0.15 0.16 0.09 0.13 0.22 0.12 0.18 0.19 0.18 0.15  
 ANOVA        
Source Df               
Fe 3 NS ** NS NS * *** ** NS * NS NS NS NS  
  Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24   
0  7.50 b 7.38 b 6.88 c 6.50 b 6.38 c 6.50 6.63 7.13 b 7.50 6.88 7.50 7.13 b   
1  7.88 a 7.50 b 7.38 bc 7.00 ab 6.75 bc 6.88 7.38 7.25 b 7.38 7.50 7.75 7.75 a   
3  8.00 a 7.75 ab 7.63 ab 7.38 a 7.13 ab 6.88 7.63 7.50 ab 7.50 7.38 7.75 7.63 a   
5  8.00 a 8.00 a 8.00 a 7.38 a 7.38 a 7.25 7.63 7.75 a 7.63 7.63 7.88 7.88 a   
SE ±  0.12 0.16 0.18 0.21 0.15 0.22 0.22 0.13 0.16 0.22 0.16 0.14   
 ANOVA        
Source Df               
Fe 3 * * ** * *** NS NS * NS NS NS **   
† Turfgrass Quality based on a 1-9 scale, 1 = brown/dead, 6 = minimally acceptable, 9 = healthy/green. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 









 For Diamond zoysiagrass under shade, treatment interactions differed between 
years (p = <0.0001); therefore, year I and II are presented separately (Table 3.8 and 3.9; 
Figure 3.6). Weeks 16 and 22 of year I and weeks 8 and 20 of year II, NDVI was 
observed to be lowest for plots treated with 5 kg ha-1 Fe, compared to plots treated with 
other Fe levels. In contrast, week 1 of year II, NDVI ranged in order from lowest on 
untreated plots (0.693) to highest on plots treated with 5 kg ha-1 Fe (0.763). 
 Yearly results are presented separately for Tifgrand bermudagrass under shade 
(Table 3.10 and 3.11; Figure 3.7) due to differences in treatment interactions between 
years (p = <0.0001). Fe levels only impacted NDVI in weeks 2 and 7 of year I and were 
observed to be lowest for plots treated with 5 kg ha-1 Fe.  
 Differences in treatment interactions between years (p = <0.0001) were detected 
for Diamond zoysiagrass under full-sun; thus, results for each year are presented 
separately (Table 3.12 and 3.13; Figure 3.8). Untreated plots displayed the lowest NDVI 
during week 3 of year I and weeks 21 and 24 of year II. However, in week 4 of year I 
plots not treated with Fe had a higher NDVI reading than those treated with Fe and, 
NDVI was also found to be lowest for plots treated with 5 kg ha-1 Fe. 
 Results for Tifgrand bermudagrass under full-sun are presented separately (Table 
3.14 and 3.15; Figure 3.9) due to differences in treatment interactions between years (p = 
<0.0001). NDVI was observed to be lowest for plots not treated with Fe during weeks 3, 
10, and 11 of year I. Although plots treated with 5 kg ha-1 Fe displayed the lowest NDVI 
readings in week 4 of year I, the highest NDVI readings were observed on plots treated 
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with 1 and 3 kg ha-1 Fe. No differences in NDVI between Fe levels were detected in year 
II. Fe treatments appeared to have minimal to no impacts on the NDVI of Diamond 




Table 3.8. Normalized difference vegetative index (NDVI†) of Diamond zoysiagrass under shade in response  
to iron (Fe) in year I.              
 Week 
Fe (kg ha-1) 0ǂ 1 2 3 4 5 6 7 8 9 10 11 12  
0  0.705 0.730 0.723 0.740 0.673 0.700 0.725 0.725 0.730 0.735 0.730 0.723 0.723  
1  0.708 0.725 0.710 0.728 0.683 0.713 0.718 0.723 0.743 0.740 0.748 0.720 0.735  
3  0.703 0.725 0.720 0.715 0.680 0.708 0.723 0.718 0.730 0.735 0.743 0.720 0.730  
5  0.708 0.718 0.713 0.735 0.683 0.700 0.718 0.715 0.735 0.733 0.723 0.705 0.725  
SE ±  0.011 0.007 0.005 0.008 0.008 0.008 0.006 0.005 0.007 0.008 0.009 0.008 0.008  
 ANOVA         
Source Df               
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS NS  
 Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24   
0  0.685 0.703 0.723 0.720 ab 0.728 0.753 0.685 0.753 0.753 0.753 a 0.745 0.750   
1  0.693 0.698 0.725 0.723 a 0.733 0.748 0.688 0.748 0.753 0.740 a 0.738 0.748   
3  0.670 0.708 0.718 0.708 bc 0.718 0.743 0.695 0.745 0.748 0.738 a 0.743 0.750   
5  0.673 0.695 0.713 0.700 c 0.718 0.743 0.745 0.740 0.748 0.720 b 0.738 0.738   
SE ±  0.012 0.011 0.006 0.004 0.008 0.008 0.034 0.014 0.005 0.005 0.007 0.008   
 ANOVA         
Source Df               
Fe 3 NS NS NS * NS NS NS NS NS * NS NS   
† NDVI is a measure of turfgrass color from 0.000 to 1.000 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.  
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Table 3.9. Normalized difference vegetative index (NDVI†) of Diamond zoysiagrass under shade in  
response to iron (Fe) in year II.           
 Week 
Fe (kg ha-1) 0ǂ 1 3 4 5 6 7 8 9 10 11 12  
0  0.695 0.693 b 0.645 0.715 0.723 0.755 0.748 0.733 a 0.655 0.685 0.695 0.633  
1  0.705 0.738 ab 0.655 0.723 0.733 0.753 0.750 0.713 ab 0.650 0.670 0.683 0.630  
3  0.718 0.748 a 0.650 0.728 0.725 0.748 0.728 0.710 b 0.615 0.663 0.660 0.643  
5  0.720 0.763 a 0.663 0.728 0.725 0.753 0.740 0.700 b 0.618 0.660 0.680 0.623  
SE ±  0.014 0.014 0.009 0.010 0.005 0.011 0.012 0.006 0.020 0.008 0.009 0.012  
 ANOVA        
Source Df              
Fe 3 NS * NS NS NS NS NS * NS NS NS NS  
 Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24  
0  0.703 0.608 0.645 0.700 0.745 0.765 0.720 0.755 a 0.740 0.723 0.663 0.703  
1  0.680 0.590 0.668 0.700 0.745 0.758 0.705 0.760 a 0.738 0.720 0.693 0.715  
3  0.693 0.590 0.650 0.675 0.738 0.755 0.708 0.755 a 0.748 0.725 0.688 0.708  
5  0.700 0.588 0.660 0.700 0.753 0.758 0.700 0.740 b 0.748 0.715 0.705 0.723  
SE ±  0.009 0.027 0.014 0.012 0.012 0.008 0.009 0.003 0.009 0.006 0.014 0.011  
 ANOVA        
Source Df              
Fe 3 NS NS NS NS NS NS NS ** NS NS NS NS  
† NDVI is a measure of turfgrass color from 0.000 to 1.000 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 











Table 3.10. Normalized difference vegetative index (NDVI†) of Tifgrand bermudagrass under shade in  
response to iron (Fe) in year I.            
 Week 
Fe (kg ha-1) 0ǂ 1 2 3 4 5 6 7 8 9 10 11 12  
0  0.703 0.728 0.728 a 0.749 0.692 0.714 0.699 0.702 a 0.722 0.751 0.739 0.736 0.741  
1  0.720 0.728 0.713 bc 0.755 0.679 0.723 0.700 0.698 a 0.719 0.755 0.749 0.746 0.742  
3  0.709 0.721 0.718 ab 0.750 0.674 0.708 0.709 0.696 a 0.716 0.739 0.736 0.735 0.745  
5  0.711 0.716 0.704 c 0.748 0.670 0.705 0.706 0.680 b 0.719 0.743 0.726 0.723 0.738  
SE ±  0.011 0.005 0.004 0.004 0.005 0.010 0.009 0.003 0.005 0.005 0.010 0.007 0.005  
 ANOVA         
Source Df               
Fe 3 NS NS * NS NS NS NS ** NS NS NS NS NS  
 Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24   
0  0.712 0.727 0.746 0.719 0.725 0.724 0.677 0.721 0.745 0.711 0.700 0.675   
1  0.699 0.714 0.732 0.700 0.713 0.723 0.668 0.739 0.748 0.681 0.681 0.683   
3  0.677 0.714 0.739 0.716 0.718 0.733 0.683 0.734 0.748 0.702 0.681 0.694   
5  0.660 0.706 0.742 0.699 0.716 0.733 0.677 0.729 0.740 0.673 0.688 0.668   
SE ±  0.015 0.009 0.007 0.014 0.006 0.009 0.010 0.010 0.004 0.017 0.013 0.019   
 ANOVA         
Source Df               
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS   
† NDVI is a measure of turfgrass color from 0.000 to 1.000 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.  
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Table 3.11. Normalized difference vegetative index (NDVI†) of Tifgrand bermudagrass under shade in  
response to iron (Fe) in year II.           
 Week 
Fe (kg ha-1) 0ǂ 1 3 4 5 6 7 8 9 10 11 12  
0  0.716 0.720 0.575 0.661 0.675 0.705 0.686 0.650 0.608 0.622 0.597 0.597  
1  0.714 0.710 0.570 0.673 0.684 0.712 0.672 0.630 0.610 0.613 0.604 0.602  
3  0.710 0.723 0.579 0.671 0.670 0.712 0.665 0.642 0.595 0.594 0.595 0.577  
5  0.716 0.705 0.577 0.670 0.666 0.705 0.667 0.653 0.588 0.616 0.601 0.613  
SE ±  0.005 0.010 0.008 0.011 0.009 0.012 0.021 0.010 0.012 0.008 0.012 0.011  
 ANOVA        
Source Df              
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS  
 Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24  
0  0.640 0.532 0.631 0.638 0.699 0.724 0.609 0.612 0.674 0.569 0.552 0.536  
1  0.635 0.550 0.639 0.651 0.698 0.718 0.623 0.629 0.693 0.608 0.559 0.536  
3  0.627 0.539 0.613 0.647 0.685 0.711 0.629 0.621 0.692 0.579 0.588 0.555  
5  0.627 0.527 0.629 0.655 0.694 0.721 0.611 0.628 0.670 0.570 0.584 0.556  
SE ±  0.009 0.018 0.008 0.008 0.006 0.010 0.011 0.021 0.011 0.020 0.018 0.016  
 ANOVA        
Source Df              
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS  
† NDVI is a measure of turfgrass color from 0.000 to 1.000 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 










Table 3.12. Normalized difference vegetative index (NDVI†) of Diamond zoysiagrass under full-sun in  
response to iron (Fe) in year I.            
 Week 
Fe (kg ha-1) 0ǂ 1 2 3 4 5 6 7 8 9 10 11 12  
0  0.713 0.707 0.740 0.707 b 0.687 a 0.704 0.711 0.683 0.677 0.743 0.741 0.725 0.722  
1  0.703 0.714 0.698 0.724 a 0.669 bc 0.726 0.690 0.686 0.682 0.743 0.734 0.723 0.723  
3  0.696 0.720 0.685 0.734 a 0.664 c 0.713 0.680 0.674 0.698 0.740 0.731 0.717 0.720  
5  0.716 0.718 0.680 0.725 a 0.684 ab 0.705 0.702 0.688 0.678 0.739 0.722 0.710 0.718  
SE ±  0.013 0.008 0.028 0.004 0.006 0.006 0.008 0.005 0.011 0.004 0.004 0.004 0.003  
 ANOVA         
Source Df               
Fe 3 NS NS NS * * NS NS NS NS NS NS NS NS  
 Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24   
0  0.670 0.694 0.723 0.746 0.723 0.723 0.665 0.671 0.692 0.684 0.686 0.675   
1  0.672 0.697 0.713 0.739 0.722 0.724 0.670 0.693 0.693 0.709 0.695 0.710   
3  0.650 0.692 0.720 0.738 0.719 0.730 0.687 0.681 0.704 0.708 0.715 0.719   
5  0.655 0.684 0.712 0.732 0.719 0.731 0.679 0.682 0.708 0.708 0.722 0.722   
SE ±  0.012 0.013 0.006 0.005 0.005 0.010 0.013 0.010 0.009 0.007 0.010 0.012   
 ANOVA         
Source Df               
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS   
† NDVI is a measure of turfgrass color from 0.000 to 1.000 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.  
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Table 3.13. Normalized difference vegetative index (NDVI†) of Diamond zoysiagrass under full-sun in  
response to iron (Fe) in year II.           
 Week 
Fe (kg ha-1) 0ǂ 1 3 4 5 6 7 8 9 10 11 12  
0  0.694 0.590 0.656 0.673 a 0.709 0.730 0.745 0.736 0.682 0.690 0.691 0.677  
1  0.712 0.544 0.650 0.678 a 0.692 0.716 0.733 0.728 0.677 0.697 0.693 0.678  
3  0.719 0.610 0.639 0.676 a 0.696 0.729 0.739 0.722 0.664 0.701 0.683 0.668  
5  0.732 0.589 0.638 0.642 b 0.688 0.721 0.744 0.720 0.673 0.686 0.700 0.670  
SE ±  0.009 0.021 0.008 0.009 0.009 0.006 0.006 0.006 0.008 0.007 0.022 0.010  
 ANOVA        
Source Df              
Fe 3 NS NS NS * NS NS NS NS NS NS NS NS  
 Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24  
0  0.639 0.656 0.687 0.644 0.735 0.705 0.692 0.703 0.683 b 0.642 0.604 0.629 b  
1  0.656 0.659 0.693 0.629 0.719 0.732 0.709 0.707 0.717 a 0.658 0.645 0.663 a  
3  0.634 0.688 0.690 0.619 0.720 0.732 0.693 0.705 0.708 a 0.654 0.642 0.672 a  
5  0.664 0.670 0.687 0.608 0.721 0.726 0.707 0.719 0.720 a 0.662 0.654 0.650 ab  
SE ±  0.015 0.020 0.012 0.010 0.008 0.015 0.009 0.014 0.007 0.011 0.011 0.009  
 ANOVA        
Source Df              
Fe 3 NS NS NS NS NS NS NS NS * NS NS *  
† NDVI is a measure of turfgrass color from 0.000 to 1.000 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 










Table 3.14. Normalized difference vegetative index (NDVI†) of Tifgrand bermudagrass under full-sun in  
response to iron (Fe) in year I.            
 Week 
Fe (kg ha-1) 0ǂ 1 2 3 4 5 6 7 8 9 10 11 12  
0  0.680 0.686 0.683 0.696 b 0.611 b 0.671 0.686 0.632 0.669 0.697 0.712 b 0.694 b 0.703  
1  0.683 0.713 0.682 0.700 b 0.640 a 0.694 0.684 0.642 0.671 0.711 0.726 a 0.710 a 0.708  
3  0.677 0.699 0.695 0.709 ab 0.658 a 0.692 0.682 0.639 0.668 0.704 0.716 b 0.708 a 0.711  
5  0.681 0.696 0.688 0.713 a 0.606 b 0.685 0.698 0.641 0.673 0.710 0.720 ab 0.709 a 0.721  
SE ±  0.006 0.006 0.007 0.004 0.006 0.011 0.009 0.007 0.007 0.008 0.003 0.003 0.005  
 ANOVA         
Source Df               
Fe 3 NS NS NS * *** NS NS NS NS NS * * NS  
 Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24   
0  0.616 0.684 0.713 0.687 0.692 0.716 0.675 0.721 0.753 0.743 0.746 0.735   
1  0.634 0.689 0.706 0.695 0.702 0.717 0.674 0.722 0.760 0.751 0.745 0.747   
3  0.638 0.691 0.710 0.703 0.689 0.710 0.671 0.729 0.761 0.746 0.736 0.748   
5  0.648 0.691 0.717 0.696 0.749 0.719 0.669 0.734 0.756 0.729 0.740 0.748   
SE ±  0.013 0.009 0.005 0.005 0.026 0.013 0.007 0.009 0.003 0.006 0.011 0.004   
 ANOVA         
Source Df               
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS   
† NDVI is a measure of turfgrass color from 0.000 to 1.000 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.  
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Table 3.15. Normalized difference vegetative index (NDVI†) of Tifgrand bermudagrass under full-sun  
in response to iron (Fe) in year II.           
 Week 
Fe (kg ha-1) 0ǂ 1 3 4 5 6 7 8 9 10 11 12  
0  0.688 0.647 0.574 0.615 0.631 0.693 0.680 0.657 0.640 0.655 0.623 0.652  
1  0.696 0.671 0.578 0.624 0.634 0.696 0.685 0.650 0.619 0.628 0.648 0.660  
3  0.685 0.659 0.589 0.631 0.643 0.694 0.683 0.665 0.636 0.650 0.649 0.658  
5  0.683 0.657 0.579 0.648 0.628 0.694 0.686 0.658 0.614 0.645 0.657 0.656  
SE ±  0.015 0.017 0.012 0.007 0.006 0.004 0.004 0.008 0.011 0.008 0.029 0.013  
 ANOVA        
Source Df              
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS  
 Week 
Fe (kg ha-1) 13ǂ 14 15 16 17 18 19 20 21 22 23 24  
0  0.637 0.653 0.656 0.581 0.725 0.726 0.692 0.695 0.760 0.707 0.620 0.663  
1  0.580 0.644 0.638 0.567 0.711 0.721 0.670 0.702 0.751 0.694 0.638 0.661  
3  0.641 0.636 0.655 0.577 0.719 0.729 0.687 0.697 0.744 0.692 0.622 0.650  
5  0.602 0.640 0.634 0.566 0.717 0.722 0.658 0.687 0.740 0.672 0.636 0.650  
SE ±  0.019 0.006 0.009 0.015 0.006 0.018 0.011 0.012 0.005 0.013 0.008 0.012  
 ANOVA        
Source Df              
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS  
† NDVI is a measure of turfgrass color from 0.000 to 1.000 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 










 Yearly chlorophyll index results were presented separately because treatment 
interactions were found to be different between years for Diamond zoysiagrass under 
shade (p = <0.0001), Tifgrand bermudagrass under shade (p = <0.0001), Diamond 
zoysiagrass under full-sun (p = <0.0001), and Tifgrand bermudagrass under full-sun (p = 
<0.0001). Fe levels impacted the chlorophyll index of Tifgrand bermudagrass under 
shade in year I and II (Table 3.17; Figure 3.11), Diamond zoysiagrass under full-sun in 
year II (Table 3.18; Figure 3.12), and Tifgrand bermudagrass under full-sun in year I 
(Table 3.19; Figure 3.13). However, no impacts from Fe treatments were observed on the 
chlorophyll index of Diamond zoysiagrass under shade in year I or II (Table 3.16; Figure 
3.10), Diamond zoysiagrass under full-sun in year I, or Tifgrand bermudagrass under 
full-sun in year II.  
Tifgrand bermudagrass plots under shade treated with 5 kg ha-1 Fe displayed the 
lowest chlorophyll index during week 13 of year I but, during week 10 of year II plots 
treated with 5 kg ha-1 Fe were found to have the highest chlorophyll index. Diamond 
zoysiagrass under full-sun in week 20 of year II and Tifgrand bermudagrass under full-
sun in week 11 of year I both had lower chlorophyll indexes measured on untreated plots 
than plots treated with Fe. Overall, impacts from Fe treatments appeared to be negligible 




Table 3.16. Chlorophyll Index† of Diamond zoysiagrass under shade response to iron (Fe).      
------------------------------------------------------------------------------------------------- Year I ------------------------------------------------------------------------------------------------- 
 Week 
Fe (kg ha-1) 2ǂ 4 6 7 8 10 11 13 14 18 19 20 21 22 23  
0  339 255 286 342 354 376 384 345 282 402 454 375 326 439 437  
1  323 227 295 356 370 411 402 346 346 394 462 392 325 428 413  
3  337 238 297 347 370 401 401 308 308 432 430 423 328 485 410  
5  341 219 280 335 370 423 377 302 302 405 410 367 324 436 376  
SE ±  37.4 18.9 7.3 10.0 9.8 27.9 31.8 43.2 43.2 28.8 30.0 32.8 21.2 57.4 23.0  
 ANOVA 
Source Df                 
Fe 3 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS  
------------------------------------------------------------------- Year II ------------------------------------------------------------------- 
 Week 
Fe (kg ha-1) 3ǂ 8 10 11 12 15 16 20 23 24  
0  300 346 198 222 191 240 276 376 338 335  
1  333 358 206 237 192 242 305 352 314 305  
3  328 338 177 214 191 219 278 362 301 304  
5  355 322 194 215 195 248 282 381 305 313  
SE ±  25.5 17.1 8.8 9.0 9.9 20.5 28.3 23.4 24.3 22.3  
 ANOVA 
Source Df            
Fe 3 NS NS NS NS NS NS NS NS NS NS  
† Chlorophyll index is a unit measurement of relative chlorophyll content from 0 to 999. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level,  










Table 3.17. Chlorophyll Index† of Tifgrand bermudagrass under shade response to iron (Fe).      
------------------------------------------------------------------------------------------------- Year I ------------------------------------------------------------------------------------------------- 
 Week 
Fe (kg ha-1) 2ǂ 4 6 7 8 10 11 13 14 18 19 20 21 22 23  
0  379 249 307 349 394 405 449 431 a 411 439 453 353 336 286 265  
1  372 270 302 341 405 457 459 392 a 349 372 422 355 345 287 259  
3  390 248 310 353 403 427 456 372 a 343 375 429 367 313 281 254  
5  385 259 306 337 393 411 424 313 b 292 369 440 344 328 296 261  
SE ±  25.0 12.6 17.2 11.7 11.2 17.6 16.9 18.4 28.0 38.2 18.8 15.4 16.0 13.7 22.3  
 ANOVA 
Source Df                 
Fe 3 NS NS NS NS NS NS NS ** NS NS NS NS NS NS NS  
------------------------------------------------------------------- Year II ------------------------------------------------------------------- 
 Week 
Fe (kg ha-1) 3ǂ 8 10 11 12 15 16 20 23 24  
0  212 248 180 b 169 177 180 254 182 176 153  
1  236 250 180 b 187 190 197 269 179 186 156  
3  231 237 187 b 183 172 206 262 173 168 152  
5  232 232 225 a 201 179 208 270 195 181 172  
SE ±  14.1 11.3 8.2 9.3 10.0 8.8 6.8 12.8 4.9 5.7  
 ANOVA 
Source Df            
Fe 3 NS NS * NS NS NS NS NS NS NS  
† Chlorophyll index is a unit measurement of relative chlorophyll content from 0 to 999. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level,  










Table 3.18. Chlorophyll Index† of Diamond zoysiagrass under full-sun response to iron 
(Fe).             
------------------------------------------------------------------- Year I ------------------------------------------------------------------- 
 Week 
Fe (kg ha-1) 2ǂ 4 5 6 7 8 10 11 13 14  
0  320 249 294 269 285 266 379 410 351 412  
1  332 274 332 306 298 266 398 439 369 358  
3  340 281 322 306 291 276 379 414 349 338  
5  337 265 310 283 279 263 376 417 348 339  
SE ±  16.7 12.3 12.8 9.3 7.1 3.8 8.3 9.8 12.6 29.8  
       ANOVA 
Source Df            
Fe 3 NS NS NS NS NS NS NS NS NS NS  
       Week 
Fe (kg ha-1) 18ǂ 19 20 21 22 23      
0  411 348 333 299 374 357      
1  414 383 356 296 395 411      
3  404 368 338 303 417 374      
5  423 371 335 296 400 396      
SE ±  22.2 17.2 30.5 17.6 20.6 20.8      
 ANOVA 
Source Df            
Fe 3 NS NS NS NS NS NS      
------------------------------------------------------------------- Year II ------------------------------------------------------------------- 
 Week 
Fe (kg ha-1) 3ǂ 8 10 11 12 15 16 20 23 24  
0  296 371 278 306 250 273 261 297 b 251 235  
1  314 380 274 332 287 280 241 387 a 244 268  
3  309 359 284 309 267 301 234 381 a 264 293  
5  291 348 276 322 274 315 234 394 a 271 300  
SE ±  20.3 11.1 11.7 16.9 19.5 17.4 16.5 20.1 13.2 19.0  
 ANOVA 
Source Df            
Fe 3 NS NS NS NS NS NS NS * NS NS  
† Chlorophyll index is a unit measurement of relative chlorophyll content from 0 to 999. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability 









Table 3.19. Chlorophyll Index† of Tifgrand bermudagrass under full-sun response to iron 
(Fe).             
------------------------------------------------------------------- Year I ------------------------------------------------------------------- 
 Week 
Fe (kg ha-1) 2ǂ 4 5 6 7 8 10 11 13 14  
0  280 219 281 268 250 249 323 351 b 264 316  
1  315 238 296 275 265 259 368 395 a 278 359  
3  315 234 311 292 264 266 356 395 a 286 344  
5  306 229 299 272 259 266 348 398 a 326 353  
SE ±  13.4 10.4 9.6 12.7 10.0 7.7 11.8 11.0 17.1 14.2  
 ANOVA 
Source Df            
Fe 3 NS NS NS NS NS NS NS * NS NS  
 Week 
Fe (kg ha-1) 18ǂ 19 20 21 22 23      
0  390 390 361 377 435 397      
1  412 415 387 378 490 441      
3  399 413 387 384 473 468      
5  388 421 364 400 456 455      
SE ±  22.3 6.9 22.2 15.9 20.8 18.7      
 ANOVA 
Source Df            
Fe 3 NS NS NS NS NS NS      
------------------------------------------------------------------- Year II ------------------------------------------------------------------- 
 Week 
Fe (kg ha-1) 3ǂ 8 10 11 12 15 16 20 23 24  
0  282 300 218 284 246 237 165 406 223 265  
1  286 320 219 274 256 239 175 385 255 267  
3  281 324 211 269 247 234 186 372 257 264  
5  296 307 230 257 246 237 168 372 214 222  
SE ±  9.9 17.1 14.4 9.7 6.8 8.7 6.1 21.0 21.6 18.0  
 ANOVA 
Source Df            
Fe 3 NS NS NS NS NS NS NS NS NS NS  
† Chlorophyll index is a unit measurement of relative chlorophyll content from 0 to 999. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability 










 Differences in treatment interactions between years were detected in all four 
studies; therefore, yearly results are presented separately (Table 3.20, 3.21, 3.22, and 
3.23; Figure 3.14, 3.15, 3.16, and 3.17). Even though clipping yield varied between 
samples in all four studies, Fe level had no impact on clipping yield in either year.  
Ash Free Burn-off Weight 
 Differences in treatment interactions between years occurred for Diamond 
zoysiagrass under shade (p = <0.0001), Tifgrand bermudagrass under shade (p = 
<0.0001), and Tifgrand bermudagrass under full-sun (p = <0.0001); thus, yearly results 
are presented separately. (Table 3.24, 3.25, and 3.27; Figure 3.18, 3.19, and 3.21). 
Treatment interactions did not differ between years for Diamond zoysiagrass under full-
sun (p = 0.2543); therefore, yearly data were pooled and presented together (Table 3.26; 
Figure 3.20). Fe levels had no impact on ash free burn-off weight in any of the four 




Table 3.20. Clipping Yield† of Diamond zoysiagrass under shade in response to iron (Fe).      
  -------------------- Sample in Year I --------------------   -------------------- Sample in Year II -------------------   
Fe (kg ha-1) 6/26/17 7/19/17 8/30/17 9/20/17 10/11/17 6/13/18 7/9/18 8/27/18 9/17/18 10/8/18  
0 6.01 2.47 1.31 1.11 4.16 5.55 17.7 0.87 3.13 5.31  
1 15.7 2.73 2.22 1.74 4.04 6.21 21.7 0.82 2.33 4.95  
3 7.60 3.44 2.73 2.01 4.50 7.65 23.0 0.96 2.96 4.93  
5 7.56 2.94 2.26 1.53 3.34 9.41 25.2 1.22 4.24 6.15  
SE ± 6.07 1.12 1.10 0.63 1.05 1.17 2.62 0.29 1.16 0.53  
 ANOVA         
Source Df            
Fe 3 NS NS NS NS NS NS NS NS NS NS  
† Clipping Yield is based on the units of g m-2 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant. 
 
 
Table 3.21. Clipping Yield† of Tifgrand bermudagrass under shade in response to iron (Fe).      
  -------------------- Sample in Year I --------------------   -------------------- Sample in Year II -------------------   
Fe (kg ha-1) 6/26/17 7/19/17 8/30/17 9/20/17 10/11/17 6/13/18 7/9/18 8/27/18 9/17/18 10/8/18  
0 10.9 1.57 3.68 3.37 9.23 8.25 15.7 7.51 24.0 29.9  
1 10.8 1.80 4.63 3.78 11.5 10.4 13.0 7.68 24.8 33.0  
3 11.4 1.81 4.62 4.29 12.4 11.0 16.3 7.60 25.6 28.9  
5 9.67 2.20 3.69 3.86 9.13 9.57 15.3 5.46 24.1 28.4  
SE ± 1.35 0.45 1.00 0.70 3.08 1.21 2.95 1.80 3.44 5.18  
 ANOVA         
Source Df            
Fe 3 NS NS NS NS NS NS NS NS NS NS  
† Clipping Yield is based on the units of g m-2 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 




Table 3.22. Clipping Yield† of Diamond zoysiagrass under full-sun in response to iron (Fe).      
  -------------------- Sample in Year I --------------------   -------------------- Sample in Year II -------------------   
Fe (kg ha-1) 6/26/17 7/19/17 8/30/17 9/20/17 10/11/17 6/13/18 7/9/18 8/27/18 9/17/18 10/8/18  
0 0.87 1.00 0.80 1.21 5.46 1.08 3.96 3.86 5.26 14.9  
1 2.74 2.89 1.94 2.28 8.09 4.30 10.2 3.86 4.28 13.2  
3 2.93 2.80 1.86 1.88 6.68 3.45 6.56 3.53 6.00 16.2  
5 1.09 1.47 2.00 2.27 6.68 1.97 5.84 4.15 5.14 13.5  
SE ± 1.02 0.88 0.40 0.30 1.03 1.34 2.93 0.48 0.58 1.08  
 ANOVA         
Source Df            
Fe 3 NS NS NS NS NS NS NS NS NS NS  
† Clipping Yield is based on the units of g m-2 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant. 
 
 
Table 3.23. Clipping Yield† of Tifgrand bermudagrass under full-sun in response to iron (Fe).      
  -------------------- Sample in Year I --------------------   -------------------- Sample in Year II -------------------   
Fe (kg ha-1) 6/26/17 7/19/17 8/30/17 9/20/17 10/11/17 6/13/18 7/9/18 8/27/18 9/17/18 10/8/18  
0 1.99 0.91 3.08 4.42 3.34 9.85 19.1 14.1 21.5 31.2  
1 2.11 0.99 4.04 5.81 3.42 14.3 24.6 20.2 29.9 39.8  
3 3.06 1.91 4.30 5.52 4.60 11.9 19.4 17.0 22.7 34.0  
5 1.59 0.99 5.00 5.70 3.75 11.6 19.5 18.0 32.6 37.9  
SE ± 0.42 0.38 0.71 0.92 0.75 1.34 2.25 2.89 4.17 3.94  
 ANOVA         
Source Df            
Fe 3 NS NS NS NS NS NS NS NS NS NS  
† Clipping Yield is based on the units of g m-2 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 





























Table 3.24. Ash free burn-off weight of Diamond zoysiagrass under shade in response to 
iron (Fe).            
Iron (kg ha-1) Year I (g m-2) Year II (g m-2)  
0 136 329  
1 48.1 354  
3 75.9 350  
5 29.9 312  
SE ± 36.6 27.4  
 ANOVA       
Source Df    
Iron 3 NS NS  
ǂ Values followed by the same letter in the same column are not significantly different at 
α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** 
Significant at 0.001 probability level, NS = Not significant. 
 
 
Table 3.25. Ash free burn-off weight of Tifgrand bermudagrass under shade in response 
to iron (Fe).            
Iron (kg ha-1) Year I (g m-2) Year II (g m-2)  
0 37.6 394  
1 31.6 341  
3 49.3 338  
5 30.0 384  
SE ± 13.8 34.2  
 ANOVA       
Source Df    
Iron 3 NS NS  
ǂ Values followed by the same letter in the same column are not significantly different at 
α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** 
Significant at 0.001 probability level, NS = Not significant.  
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Table 3.26. Ash free burn-off weight of Diamond zoysiagrass under full-sun in response 
to iron (Fe).            
Iron (kg ha-1) g m-2  
0 944  
1 894  
3 925  
5 884  
SE ± 53.6  
 ANOVA       
Source Df    
Iron 3 NS  
ǂ Values followed by the same letter in the same column are not significantly different at 
α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** 
Significant at 0.001 probability level, NS = Not significant. 
 
 
Table 3.27. Ash free burn-off weight of Tifgrand bermudagrass under full-sun in 
response to iron (Fe).           
Iron (kg ha-1) Year I (g m-2) Year II (g m-2)  
0 200 700  
1 289 669  
3 383 759  
5 248 740  
SE ± 46.3 51.2  
 ANOVA       
Source Df    
Iron 3 NS NS  
ǂ Values followed by the same letter in the same column are not significantly different at 
α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** 




















Total Root and Verdure Biomass 
 Only year II results of total root and verdure biomass for each study are presented 
(Table 3.28; Figure 3.22, and 3.23) because sampling was only conducted in year II. The 
total root and verdure biomass of Diamond zoysiagrass under full sun was influenced by 
Fe treatment (Table 3.28; Figure 3.22). More root and verdure biomass was accumulated 
in plots exposed to 0 or 5 kg ha-1 Fe in comparison with 3 kg ha-1 applications. Plots 
treated with 1 kg ha-1 of Fe accumulated similar root and verdure biomass to all other Fe 
treatments. No differences in total root and verdure biomass were detected between Fe 
levels for Diamond zoysiagrass under shade, Tifgrand bermudagrass under shade, or 
Tifgrand bermudagrass under full-sun. 
 
 
Table 3.28. Total root and verdure biomass in response to iron (Fe) in year II.   
 Diamond zoysiagrass Tifgrand Bermudagrass  
Fe  shadeǂ full-sun shade full-sun  
(kg ha-1) (g m-2)  
0 2300 4595 a 2026 3428  
1 2322 4261 ab 2130 3297  
3 2297 4046 b 2044 3396  
5 2297 4451 a 2034 3278  
SE ± 95.88 121.9 82.11 96.59  
 ANOVA  
Source Df = 3 3 3 3  
Fe NS * NS NS  
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 




Figure 3.22. Total root and verdure biomass (g m-2) of Diamond zoysiagrass under shade 




Figure 3.23. Total root and verdure biomass (g m-2) of Tifgrand bermudagrass under 
shade and full-sun in response to Fe after year II.  
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Verdure Bulk Density 
 Similar to total root and verdure biomass, verdure bulk density was calculated for 
year II only (Table 3.29; Figure 3.24, and 3.25). No differences in verdure bulk density 
between Fe levels were found on Diamond zoysiagrass under shade, Diamond 
zoysiagrass under full-sun, or Tifgrand bermudagrass under full-sun. The verdure bulk 
density of Tifgrand bermudagrass under shade was impacted by Fe level. The greatest 
verdure bulk density was produced by plots treated with 5 kg ha-1 Fe (1.06 g cm-3) and 
the lowest by plots treated with 0 and 1 kg ha-1 Fe (0.89 and 0.91 g cm-3, respectively). 
 
 
Table 3.29. Verdure bulk density in response to iron (Fe) in year II.    
 Diamond zoysiagrass Tifgrand Bermudagrass  
Fe  shadeǂ full-sun shade full-sun  
(kg ha-1) (g m-3)  
0 1.00 0.66 0.89 b 0.68  
1 0.90 0.60 1.00 ab 0.61  
3 0.94 0.64 0.91 b 0.61  
5 0.94 0.66 1.06 a 0.66  
SE ± 0.04 0.02 0.05 0.03  
 ANOVA  
Source Df = 3 3 3 3  
Fe NS NS * NS  
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 




Figure 3.24. Verdure bulk density (g cm-3) of Diamond zoysiagrass under shade and full-




Figure 3.25. Verdure bulk density (g cm-3) of Tifgrand bermudagrass under shade and 
full-sun in response to Fe after year II.  
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Tissue Nutrient Concentrations 
 Nutrient concentrations in tissues differed both by year and sample collection 
date; therefore, yearly and sample results are presented separately for all studies. Samples 
with no significant differences in tissue nutrient concentrations between Fe levels are not 
presented in the corresponding tables. 
The Na concentrations in tissues collected during year I on 10/11/2017 from 
Diamond zoysiagrass grown in the shade varied be Fe treatment (p < 0.0001, Table 3.30). 
The highest Na concentrations were fixed in tissues exposed to 0 (183 mg kg-1) and 5 
(204 mg kg-1) kg ha-1 Fe treatments. The lowest Na concentrations were fixed in the 1 
(159 mg kg-1) and 3 (155 mg kg-1) kg ha-1 Fe treatments. 
The Fe concentrations in tissues collected during year I (10/11/2017) and year II 
(7/9/2018 and 10/18/2018) from Tifgrand bermudagrass grown under shade varied by 
iron treatment (p < 0.01 10/11 and 7/9; and p < 0.001 10/18) (Table 3.31 and 3.32). The 
concentration of Fe in tissues collected during the three sampling events followed a 
similar trend, increasing as the level of Fe increased. In contrast, the concentration of Mg 
in tissues diminished as Fe level increased in Year II, both on 8/27/2018 and 10/18/2018 
(p < 0.05 and p < 0.01, respectively). 
The concentration of K and Mg in tissues collected during year I on 9/20/2017 
from Diamond zoysiagrass grown in the full sun were highest when no Fe was applied (p 
< 0.05, Table 3.33). The concentration of Ca and Mg fixed in tissues varied among Fe 
levels during Year II on 8/27/2018 (p < 0.05 for both, Table 3.34), but no pattern was 
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discernable with relation to Fe level and the concentration of Ca or Mg fixed in the 
tissues. 
The concentration of S in tissues collected during year I on 9/20/2017 from 
Tifgrand bermudagrass grown in the full sun varied by Fe level (p < 0.05, Table 3.35), 
but no pattern was discernable with relation to Fe level and the concentration of S fixed 
in the tissues. As with Tifgrand bermudagrass grown under shade, when grown in full 
sun, the concentration of Fe in tissues increased as the level of Fe increased in Year II on 
8/27/2018 (p < 0.001, Table 3.36). The concentration of Cu was highest in tissues 
exposed to 5 kg ha-1 Fe (p < 0.05). 
 
Table 3.30. Tissue nutrient concentrations of Diamond zoysiagrass under shade in 
response to iron (Fe) in year I.         
 Tissue Nutrient Concentration† (10/11/2017) 
  ------------------------- % ------------------------   ---------------------- mg kg-1 ----------------------  
Fe (kg ha-1) Pǂ K Ca Mg S Fe Mn Cu Zn Na  
0 0.357 1.377 0.173 0.116 0.236 221 45.8 10.2 34.9 183 a  
1 0.363 1.444 0.179 0.114 0.251 243 42.7 11.7 34.6 159 b  
3 0.374 1.443 0.182 0.113 0.251 277 40.3 10.4 33.8 155 b  
5 0.392 1.442 0.201 0.120 0.262 264 46.8 11.1 36.3 204 a  
SE ± 0.009 0.051 0.009 0.003 0.007 34.2 3.08 0.818 1.16 7.25  
 ANOVA 
Source Df            
Fe 3 NS NS NS NS NS NS NS NS NS **  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried clipping samples. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 




Table 3.31. Tissue nutrient concentrations of Tifgrand bermudagrass under shade in 
response to iron (Fe) in year I.         
 Tissue Nutrient Concentration† (10/11/2017) 
  ------------------------- % ------------------------   ---------------------- mg kg-1 ----------------------  
Fe (kg ha-1) Pǂ K Ca Mg S Fe Mn Cu Zn Na  
0 0.368 1.392 0.286 0.107 0.325 223 c 45.7 10.4 49.9 104  
1 0.376 1.467 0.288 0.109 0.340 260 bc 74.1 10.7 52.2 99.4  
3 0.369 1.447 0.292 0.106 0.335 330 ab 48.0 11.0 52.0 118  
5 0.359 1.364 0.282 0.101 0.320 358 a 43.8 10.7 50.3 102  
SE ± 0.012 0.041 0.017 0.002 0.010 30.4 4.27 0.307 2.42 5.00  
 ANOVA 
Source Df            
Fe 3 NS NS NS NS NS * NS NS NS NS  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried clipping samples. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 




Table 3.32. Tissue nutrient concentrations of Tifgrand bermudagrass under shade in 
response to iron (Fe) in year II.         
 Tissue Nutrient Concentration† (7/9/2018) 
  ------------------------- % ------------------------   ---------------------- mg kg-1 ----------------------  
Fe (kg ha-1) Pǂ K Ca Mg S Fe Mn Cu Zn Na  
0 0.368 1.379 0.399 0.126 0.369 413 b 89.2 11.2 68.3 159  
1 0.366 1.418 0.392 0.125 0.373 411 b 87.9 10.9 68.2 154  
3 0.349 1.373 0.385 0.119 0.360 474 ab 89.2 10.9 66.0 147  
5 0.353 1.376 0.392 0.117 0.361 568 a 86.0 10.8 65.9 152  
SE ± 0.013 0.048 0.011 0.004 0.009 34.8 9.05 0.498 1.85 9.64  
 ANOVA 
Source Df            
Fe 3 NS NS NS NS NS * NS NS NS NS  
 Tissue Nutrient Concentration† (8/27/2018) 
  ------------------------- % ------------------------   ---------------------- mg kg-1 ----------------------  
Fe (kg ha-1) Pǂ K Ca Mg S Fe Mn Cu Zn Na  
0 0.348 1.482 0.443 0.135 a 0.401 984 114 12.2 80.2 190  
1 0.361 1.489 0.419 0.134 a 0.405 970 111 12.6 82.1 183  
3 0.336 1.399 0.418 0.126 b 0.382 1468 125 12.1 79.0 171  
5 0.336 1.441 0.408 0.123 b 0.386 1271 102 11.9 77.2 170  
SE ± 0.007 0.061 0.011 0.002 0.012 157 9.08 0.283 2.90 7.93  
 ANOVA 
Source Df            
Fe 3 NS NS NS * NS NS NS NS NS NS  
 Tissue Nutrient Concentration† (10/18/2018) 
  ------------------------- % ------------------------   ---------------------- mg kg-1 ----------------------  
Fe (kg ha-1) Pǂ K Ca Mg S Fe Mn Cu Zn Na  
0 0.337 1.547 0.418 0.125 a 0.378 415 c 74.2 10.8 76.1 174  
1 0.351 1.531 0.396 0.123 a 0.381 534 bc 75.7 11.1 75.7 159  
3 0.335 1.551 0.397 0.120 a 0.386 720 b 74.1 10.7 75.7 163  
5 0.309 1.453 0.376 0.110 b 0.364 1162 a 73.5 10.6 69.6 146  
SE ± 0.009 0.026 0.014 0.002 0.006 76.9 5.58 0.252 3.90 7.21  
 ANOVA 
Source Df            
Fe 3 NS NS NS ** NS *** NS NS NS NS  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried clipping samples. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 




Table 3.33. Tissue nutrient concentrations of Diamond zoysiagrass under full-sun in 
response to iron (Fe) in year I.         
 Tissue Nutrient Concentration† (9/20/2017) 
  ------------------------- % ------------------------   ---------------------- mg kg-1 ----------------------  
Fe (kg ha-1) Pǂ K Ca Mg S Fe Mn Cu Zn Na  
0 0.398 1.650 a 0.428 0.171 a 0.174 768 258 10.5 42.8 237  
1 0.380 1.242 b 0.309 0.131 b 0.190 867 151 9.85 31.8 307  
3 0.356 1.228 b 0.364 0.131 b 0.194 678 190 9.95 37.3 366  
5 0.373 1.161 b 0.321 0.112 b 0.205 912 115 10.2 30.1 374  
SE ± 0.020 0.101 0.051 0.011 0.010 251 40.6 0.421 3.75 39.9  
 ANOVA 
Source Df            
Fe 3 NS * NS * NS NS NS NS NS NS  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried clipping samples. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 






Table 3.34. Tissue nutrient concentrations of Diamond zoysiagrass under full-sun in 
response to iron (Fe) in year II.         
 Tissue Nutrient Concentration† (8/27/2018) 
  ------------------------- % ------------------------   ---------------------- mg kg-1 ----------------------  
Fe (kg ha-1) Pǂ K Ca Mg S Fe Mn Cu Zn Na  
0 0.375 1.596 0.525 a 0.195 a 0.276 776 416 11.5 62.6 348  
1 0.384 1.391 0.410 b 0.176 b 0.272 501 268 11.6 47.4 405  
3 0.405 1.443 0.415 ab 0.178 ab 0.296 556 288 13.1 52.1 476  
5 0.370 1.259 0.342 b 0.159 b 0.273 590 214 12.9 43.8 385  
SE ± 0.020 0.084 0.035 0.006 0.012 102 48.6 0.751 5.39 32.6  
 ANOVA 
Source Df            
Fe 3 NS NS * * NS NS NS NS NS NS  
 Tissue Nutrient Concentration† (10/18/2018) 
  ------------------------- % ------------------------   ---------------------- mg kg-1 ----------------------  
Fe (kg ha-1) Pǂ K Ca Mg S Fe Mn Cu Zn Na  
0 0.368 1.217 0.292 0.183 0.187 135 285 10.2 52.6 206 b  
1 0.369 1.235 0.274 0.169 0.189 140 234 10.4 49.3 232 b  
3 0.377 1.242 0.278 0.168 0.196 176 261 11.6 50.5 307 a  
5 0.376 1.225 0.276 0.161 0.196 171 227 10.7 48.0 269 ab  
SE ± 0.020 0.063 0.028 0.014 0.007 15.3 42.2 0.873 5.14 20.5  
 ANOVA 
Source Df            
Fe 3 NS NS NS NS NS NS NS NS NS *  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried clipping samples. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 




Table 3.35. Tissue nutrient concentrations of Tifgrand bermudagrass under full-sun in 
response to iron (Fe) in year I.         
 Tissue Nutrient Concentration† (9/20/2017) 
  ------------------------- % ------------------------   ---------------------- mg kg-1 ----------------------  
Fe (kg ha-1) Pǂ K Ca Mg S Fe Mn Cu Zn Na  
0 0.373 1.439 0.310 0.142 0.191 b 671 165 9.71 46.6 199  
1 0.348 1.264 0.311 0.130 0.200 b 715 139 9.76 47.2 204  
3 0.377 1.356 0.313 0.137 0.221 a 1045 167 10.9 51.1 232  
5 0.358 1.313 0.327 0.133 0.208 ab 750 145 10.4 50.6 189  
SE ± 0.014 0.076 0.024 0.007 0.006 97.1 18.9 0.319 1.76 20.0  
 ANOVA 
Source Df            
Fe 3 NS NS NS NS * NS NS NS NS NS  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried clipping samples. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 




Table 3.36. Tissue nutrient concentrations of Tifgrand bermudagrass under full-sun in 
response to iron (Fe) in year II.         
 Tissue Nutrient Concentration† (8/27/2018) 
  ------------------------- % ------------------------   ---------------------- mg kg-1 ----------------------  
Fe (kg ha-1) Pǂ K Ca Mg S Fe Mn Cu Zn Na  
0 0.357 1.063 0.345 0.128 0.265 771 b 143 11.0 b 62.9 105  
1 0.353 1.031 0.328 0.124 0.265 891 b 123 11.3 b 63.1 107  
3 0.360 1.067 0.359 0.128 0.276 1181 a 154 11.4 b 66.4 117  
5 0.370 1.081 0.341 0.127 0.282 1327 a 126 13.6 a 66.5 105  
SE ± 0.011 0.029 0.015 0.004 0.009 62.6 10.7 0.507 2.27 6.55  
 ANOVA 
Source Df            
Fe 3 NS NS NS NS NS *** NS * NS NS  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried clipping samples. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 





 Fe treatments were observed to enhance TQ of Diamond zoysiagrass and Tifgrand 
bermudagrass under full-sun and shade but, increases in TQ were not consistently found 
across all weeks in either year. Similar results, found by Munshaw et al. (2006), noted Fe 
applications, overall, were ineffective for consistently enhancing turf color and quality of 
bermudagrass cultivars grown under field conditions. Daily removal of clippings may be 
linked to the ineffectiveness of Fe applications to increase TQ. In addition to daily 
clipping removal contributing to Fe deficiency symptoms, visual responses after foliar Fe 
applications typically are short-lived as a result of rapid conversion of Fe to insoluble 
forms in the soil (Turgeon, 2012).  
 NDVI overall followed a similar trend to TQ, was found to be higher on 
turfgrasses treated with Fe compared to the control, previous research has demonstrated 
NDVI was linearly related to TQ (Trenholm et al., 1999; Bell et al., 2004; Xiong et al., 
2007). However, there were some weeks when NDVI was observed to be higher on 
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untreated plots than plots treated with Fe. Differences in geographical locations in each of 
the studies may have contributed to differences in NDVI. 
 Even though significant differences were shown between Fe levels, impacts of Fe 
treatments on chlorophyll index were minimal. Fe treatments did not significantly impact 
chlorophyll index of Diamond zoysiagrass under shade and only significantly impacted 
Tifgrand bermudagrass under shade during one week in both years. Similarly, Baldwin et 
al. (2009b) found Fe did not impact Champion bermudagrass chlorophyll concentration, 
noting it was possible Fe uptake was inhibited, rates and frequency of Fe application 
were insufficient, or reduced light environment restricted optimal Fe uptake. Although it 
is possible Fe uptake occurred and Fe in shoot tissue was removed through daily mowing.  
 Fe level was found to not significantly impact clipping yield or ash free burn-off 
weight in any of the studies. Again, Fe in shoot tissues were most likely removed through 
mowing daily and thus, had no impact on clipping yield collected three weeks after Fe 
treatments. It is possible Fe treatments did not impact free burn-off weight due to rapid 
conversion of Fe to insoluble forms in the soil, leaching with frequent irrigation, or 
shallow rooting. Total root and verdure biomass was found to significantly different 
between Fe levels of Diamond zoysiagrass under full-sun but, a higher total root and 
verdure biomass did not correlate to increases in Fe level. Differences in total root and 
verdure biomass most likely resulted from differences in the location samples were taken. 
Verdure bulk density of Tifgrand bermudagrass under shade was found to be highest for 
plots treated with 5 kg ha-1 Fe and lowest for untreated plots. Increases in verdure bulk 
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density may possibly be related to an increase in shoot growth, thus increase in thatch 
accumulation, commonly observed on shaded turfgrasses (Beard, 1973). 
 Impacts of Fe treatments on tissue nutrient concentrations were minimal. 
Significant differences between Fe levels only occurred for tissue concentrations of Fe, 
K, Mg, S, and Na. Tissue Fe concentrations were expected to increase as Fe level 
increased and tissue S concentrations were also expected to be greater where Fe 
treatments occurred from applying ferrous sulfate, dried. Lower tissue K and Mg 
concentrations were observed where Fe was applied compared to the control. Tissue Na 
concentrations varied and did not appear to follow a trend with the highest concentrations 
found at 5 kg ha-1 Fe and the untreated control. 
Conclusions 
Foliar Fe fertilization was observed to have the greatest impact on TQ compared 
to other parameters measured. TQ of turf grown under full-sun was found to be 
significantly higher where Fe was applied more often than shaded turf, likely due to an 
increase in clippings removed daily resulting from stem and leaf elongation under shade 
(McCarty, 2018). In agreement with previous research, color enhancement after foliar 
applications of Fe was short-lived on vigorously growing turfgrasses (Yust et al., 1984; 
Carrow et al., 1988; Wehner, 1992). To summarize these results, Fe fertilization 
periodically enhanced both the color and quality of Diamond zoysiagrass and Tifgrand 
bermudagrass grown under both shade and full-sun in the southern transition zone; 
however, color enhancement and increases in TQ were inconsistent and overall beneficial 
impacts were minimal. 
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Potential studies to follow-up this research may include not using trinexapac-ethyl 
and determining how much the results differ under full-sun and shaded conditions. Other 
future research could implement similar procedures for Fe treatments, later into the fall 
and earlier into the spring, to investigate whether Fe fertilization is beneficial for fall 





IRON FERTILIZATION AND SHADE IMPACTS ON TWO WARM-SEASON 
TURFGRASSES  
Introduction 
 Warm-season turfgrasses have evolved to be grown under full-sunlight; thus, 
effects from shading become an environmental stress (Gardner and Goss, 2013). Shading 
induces a microclimate with reduced light quantity and quality, moderated temperatures 
(Geiger, 1965; Beard, 1973), reduced air or wind movement (Fons, 1940; Beard, 1973; 
Koh et al., 2003), and favors disease activity (Beard, 1965). Therefore, shading can be 
detrimental to warm-season turfgrasses, causing turfgrass quality and health to decline.  
 Turfgrasses grown under shaded conditions must be managed differently than 
those grown under full-sun to achieve and maintain an acceptable turfgrass quality. 
Factors for maintaining shaded turfgrasses include selection of a shade tolerant turfgrass 
species and cultivar (Gardner and Taylor, 2002; Jiang et al., 2004; Baldwin et al., 2008), 
increasing mowing height (Beard, 1973; Dudeck and Peacock, 1992), avoiding excessive 
nitrogen fertilization, fertilizing with other beneficial nutrients such as iron and 
magnesium (Stiegler et al., 2003), properly irrigating, and modification of the 
environment through selective removal of trees, limbs, or roots (Beard, 1973; Dudeck 
and Peacock, 1992).  
 Fertilization using micronutrients may be beneficial to turfgrasses grown under 
shaded conditions. In particular, iron fertilization has been shown to enhance turfgrass 
color (Wehner, 1992), be an alternative to heavy nitrogen fertilization (Yust et al., 1984; 
125 
 
Carrow et al., 1988), and to improve fall turfgrass color retention (Munshaw et al., 2006). 
Even though iron fertilization has been shown to be beneficial to turfgrasses, few studies 
have detailed and compared the impacts iron fertilization has on warm-season turfgrasses 
under shade.  
Materials and Methods 
 Two repeated greenhouse studies were carried out as a part of a research project at 
the Clemson University Greenhouse Research Complex (Clemson, SC). Round I was 
conducted from 6 March 2017 – 10 July 2017 and round II was conducted from 16 
August 2017 – 19 December 2017, each round lasted 18 weeks. Greenhouse conditions 
averaged 78°C and 61.4% relative humidity in round I, 75°C and 62.3% relative humidity 
in round II. Round I maximum and minimum temperatures were 89°C and 62°C, 
respectively. Round II maximum and minimum temperatures were 89°C and 63°C, 
respectively. Greenhouse conditions (temperature and relative humidity) were monitored 
and maintained by an automated computer recording system (Argus Controls, Whiterock, 
British Columbia V4B 3Y9). 
  Turfgrasses utilized in this research were ‘Diamond’ zoysiagrass [Zoysia matrella 
(L.) Merr] and ‘Tifgrand’ bermudagrass (Cynodon transvaalensis Burt-Davy × C. 
dactylon). Diamond zoysiagrass and Tifgrand bermudagrass plugs of sod were collected 
from fairways at the Clemson University Field Research Center (Clemson, SC) on 18 
November 2016 and 19 November 2016, washed free of native soil, and transplanted into 
pots 23 cm in diameter and 22.5 cm in height filled with a pure sand growing media. 
Plugs were allowed 16 weeks to establish before treatment initiation. Mowing was 
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performed every 3 weeks at a height of 1.27 cm and pots were provided water every other 
day, if necessary, to prevent wilt or water stress.  
 Prior to treatment initiation pots were fertilized on 12 December 2016, 9 January 
2017, 16 January 2017, 23 January 2017, 1 February 2017, and 15 February 2017 with a 
combination of 10N-1.3P-4.2K (Figure A.22.) at a rate of 9.76 kg N ha-1 and 
micronutrients magnesium (Mg, 1 kg ha-1); sulfur (S, 3.5 kg ha-1); boron (B, 0.02 kg ha-
1); copper (Cu, 0.25 kg ha-1); iron (Fe, 4 kg ha-1); manganese (Mn, 1 kg ha-1); 
molybdenum (Mo, 0.0005 kg ha-1); and zinc (Zn, 0.5 kg ha-1). During the study each pot 
was fertilized every 3 weeks with 10N-1.3P-4.2K at an N rate of 9.76 kg ha-1. Fertilizer 
was applied using a graduated cylinder to pour 50 mL of liquid fertilizer solution per 
application evenly onto the surface of each pot. 
 Trinexapac-ethyl, Primo Maxx, 11.3% active ingredient, (Figure. A.21.) was 
initially applied during week 3 of each round at a rate of 219.23 mL ha-1, all subsequent 
applications occurred every other week at a rate of 438.47 mL ha-1. Primo was applied in 
this study to replicate the field study, and is commonly applied to shaded turfgrasses on 
golf courses. 
 Light treatments consisted of a control 0% (full-sunlight), 40% continuous shade, 
and 60% continuous shade applied using a high density, polyethylene black shade cloth 
(International Greenhouse Company, Danville, IL). Shade cloths were placed on a 
polyvinyl chloride (PVC) structure 81.28 cm in length, 60.96 cm in width, and 30.48 cm 
in height to reduce sunlight encroachment in the early morning and late afternoon. Under 
the middle of each shade structure 6 pots were placed for uniform light reduction. Shade 
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structures were placed over the pots 3 weeks before the first iron treatment of round I to 
allow for acclimation to shade. 
 Iron treatments were foliar applied as dried ferrous sulfate [FeSO4·H2O] (Figure 
A.20.) at the rates of 0 (control), 3, and 5 kg ha-1 of Fe. Initial iron treatment of round I 
began on 29 March 2017 and occurred every 3 weeks until 31 May 2017, initial iron 
treatment of round II began on 6 September 2017 with subsequent iron treatments 
occurring every 3 weeks until 29 November 2017. To provide a uniform application rate 
pots were placed flat on the ground inside the perimeter of a PVC structure 0.9 m in 
width and 2.7 m in length for both iron and trinexapac-ethyl treatments (Figure A.18.). A 
CO2- pressurized backpack sprayer was used to apply all treatments. 
Parameters Measured 
 Data collections were identical in round I and round II of the study and included 
visual turfgrass quality (TQ), normalized difference vegetative index (NDVI), shoot 
chlorophyll index, clipping yield (g m-2), tissue nutrient concentrations (mg kg-1), total 
root and verdure biomass (g m-2), and total biomass (g m-2).  
Turf Quality 
Visual TQ was scored weekly based on color, density, texture, and uniformity of 
the Diamond zoysiagrass and Tifgrand bermudagrass surfaces on a scale from 1 to 9, 1 = 
brown, dead/dormant turfgrass, 6 = minimally acceptable turfgrass, 9 = Perfect, healthy, 





Normalized Difference Vegetative Index 
NDVI, from 0.000 to 1.000, can be used to estimate turf color or density of live 
green color by measuring light reflectance from the turf in the red and near infrared 
spectral bands (Bell et al., 2002; Carter, 1993). High NDVI readings generally indicate a 
greener and healthier turfgrass (Bell et al., 2002). NDVI readings were collected weekly 
during each round with a FieldScout TCM 500 NDVI Turf Color Meter (Spectrum 
Technologies, Inc.) placed directly onto the pot surface, three readings were taken per pot 
and averaged for a whole pot reading.  
Chlorophyll Index 
Chlorophyll index was measured weekly with a chlorophyll meter (FieldScout 
CM 1000 Chlorophyll Meter, Spectrum, Technologies, Inc.) as an index of relative 
chlorophyll content from 0 to 999, calculated using ambient and reflected light at 700 nm 
and 840 nm wavelengths. Green, healthy turf produces a higher chlorophyll index 
compared to brown, dead turf with a low chlorophyll index. Three readings were taken 
per pot and average for a whole pot reading. Weeks where chlorophyll index resulted as 
zero are due to weather conditions incompatible with the chlorophyll meter. 
Clipping Yield 
 Clipping yield (g m-2) was measured every 3 weeks after an iron treatment, five 
clipping harvest occurred during each round of the study. Clippings were harvested from 
each pot with stainless steel scissors at a height of 1.27 cm following 3 weeks of growth. 
For clipping harvest pots were held at an angle by a wooden structure over a metal tray to 
collect clippings (Figure A.19.). Clippings were transferred from metal trays into paper 
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coin envelopes and oven dried at 80°C for at least 72 hours. Clipping yield was 
quantified by weighing dried clipping samples. 
Tissue Nutrient Concentrations 
 Tissue nutrient concentrations, measured in mg kg-1, of phosphorus (P), potassium 
(K), calcium (Ca), sodium (Na), Mg, S, Fe, Mn, Cu, and Zn, were determined on three 
sets of shoot tissue samples harvested for clipping yield during each round. Samples were 
sent to the Clemson Agricultural Service Laboratory to conduct tissue nutrient analysis, 
determined by a wet ashing procedure for using HNO3+30%H2O2 (Appendix B) and 
labeled ICP (Model ARCOS FHS12, Ametek Materials Analysis Division, Spectro 
Analytical Instruments GmbH Boschstrasse 10, 47533 Kleve, Germany).  
Total Root and Verdure Biomass 
 Total root and verdure biomass (g m-2) was collected at the conclusion of the 
study. Following the final clipping harvest of round II, all roots and verdure together 
from each pot, measuring 23 cm in diameter and 22.5 in height, were washed thoroughly 
to remove all sand. Washed roots and verdure were then oven dried for at least 72 hr at 
80°C and then weighed for total dry sample weight. Oven dried samples were placed into 
a muffle furnace (Benchtop Muffle Furnace LMF-A550, Omega Engineering, Inc., 
Stamford, CT) for 3 hr at 535°C and then weighed again to provide ash weight. Total root 
and verdure biomass was calculated by subtracting ash weight from dry sample weight.  
Total Biomass 
 Total biomass (g m-2) was calculated at the conclusion of round II. Clipping yield 
from each sample in round I and II were added together to provided total clipping yield. 
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Total biomass was then calculated by adding total clipping yield and total root and 
verdure biomass for each sample.  
Data Analysis 
The experimental design was a repeated measures block design with four 
replications per treatment. Treatment effects included two turfgrass cultivars, three shade 
levels, and three iron levels. Statistical analyses were performed using ANOVA within 
the JMP® Pro system (Version 13.2.0, SAS Institute, Cary, NC). Means separation was 
analyzed using a student’s t test at α ≥ 0.05. 
Results 
Turfgrass Quality 
 Turfgrass quality results are presented separately for round I (Table 4.1) and 
round II (Table 4.2) due to differences in treatment interactions between rounds (p = 
0.0242). Discussed first will be the analysis of round I followed by analysis of round II. 
Turfgrass quality differed between turfgrass cultivars for all weeks, except week 2 and 3, 
in round I (Table 4.1; Figure 4.1A). Turfgrass quality displayed by Diamond zoysiagrass 
was consistently higher than Tifgrand bermudagrass. Shade level also impacted turfgrass 
quality for all weeks but weeks 3, 4, and 12 (Table 4.1; Figure 4.2A). Turfgrass quality 
was higher under 40 and 60% shade than full-sunlight for week 0 and 1, until week 3 
where only turfgrass quality under 40% shade was higher than full-sunlight. For weeks 5 
through 11 and 13 through 15, turfgrass quality decreased in order from highest under 
full-sunlight, to 40% shade, to lowest under 60% shade for both cultivars. Unacceptable 
turfgrass quality was only shown under 60% shade during week 15. Fe level only 
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impacted turfgrass quality during weeks 9, 10, 11, and 12. Turfgrass quality was highest 
at 5 kg ha-1 Fe, followed by 3 kg ha-1 Fe, and lowest at 0 kg ha-1 Fe for weeks 9 and 10. 
Weeks 11 and 12 turfgrass quality was higher for turfgrasses treated with 3 kg ha-1 Fe and 
5 kg ha-1 Fe compared to the control (0 kg ha-1 Fe). During week 9, turfgrass quality of 
Diamond zoysiagrass under full-sunlight and 60% shade was higher than Tifgrand 
bermudagrass under full-sunlight, 40%, and 60% shade. Weeks 10, 11, and 14 followed a 
similar trend with Diamond zoysiagrass under full-sunlight and 40% shade having a 
higher turfgrass quality than Tifgrand bermudagrass under all levels of light. 
Unacceptable turfgrass quality was only displayed by Tifgrand bermudagrass under 60% 
shade. During week 9 and 10, Diamond zoysiagrass treated with 5 kg ha-1 Fe displayed 
the highest turfgrass quality and Tifgrand bermudagrass treated with 0 kg ha-1 Fe (5.92) 
displayed the lowest. Turfgrass quality only fell below unacceptable for Tifgrand 
bermudagrass treated with 0 kg ha-1 Fe.  
 Similar trends were shown in round II. Differences between turfgrass cultivars 
were shown for all weeks, except week 5, with Diamond zoysiagrass having a higher 
turfgrass quality than Tifgrand bermudagrass. Turfgrass quality differed between shade 
levels for all weeks in round II. Full-sunlight displayed the highest turfgrass quality for 
most of round II, except week 5 found to be higher under 40% shade, and turfgrass 
quality was only unacceptable under 60% shade. At the conclusion of 15 weeks, turfgrass 
quality in full-sunlight was (7.83), in 40% shade was (6.79), and in 60% shade was (5.92) 
[Table 4.2]. Weeks 1, 2, 3, 9, and 14 differences between Fe levels were shown, turfgrass 
quality highest at 5 kg ha-1 Fe. Higher turfgrass quality was observed at 3 kg ha-1 Fe and 
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5 kg ha-1 Fe than 0 kg ha-1 Fe for weeks 3, 9, and 14. Interactions between turfgrass 
cultivar and shade level only showed differences in week 2 (p = 0.0209). Highest 
turfgrass quality in week 2 was displayed by Diamond zoysiagrass under full-sunlight 
(8.50), both Diamond zoysiagrass and Tifgrand bermudagrass followed a similar trend 
with turfgrass quality decreasing as shade level increased. In contrast to round I, 
unacceptable turfgrass quality was shown by both turfgrasses under 60% shade. 
Interactions between turfgrass cultivar and Fe level were differed in weeks 5, 13, 14, and 
15; however, turfgrass quality between Fe levels only differed for Tifgrand 
bermudagrass. Turfgrass quality of Tifgrand bermudagrass was higher at 5 kg ha-1 Fe in 
week 5, 3 kg ha-1 Fe in week 13, and both 3 kg ha-1 Fe and 5 kg ha-1 Fe in weeks 14 and 
15, than 0 kg ha-1 Fe. Only in week 13 were differences in interactions between shade 
level and Fe level shown (p = 0.0012). Highest turfgrass quality was observed under full-
sunlight at 3 and 5 kg ha-1 Fe. As shade level increased turfgrass quality decreased; 
however, under 40% shade a higher turfgrass quality was displayed at 3 kg ha-1 Fe, 
followed by 5 kg ha-1 Fe, than 0 kg ha-1 Fe. Unacceptable turfgrass quality was shown at 
all levels of Fe but only occurred under 60% shade.   
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Table 4.1. Turfgrass quality† of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass 
(TG) in response to shade and iron (Fe) in round I.       
 Week 
Turf (T)   0ǂ 1 2 3 4 5 6 7 8  
DZ  7.64 a 7.50 a 7.36 7.53 7.50 a 7.61 a 7.61 a 7.39 a 7.44 a  
TG  7.22 b 7.14 b 7.08 7.25 7.03 b 7.31 b 7.17 b 6.97 b 6.78 b  
SE ±  0.132 0.100 0.080 0.105 0.114 0.162 0.087 0.172 0.158  
Shade (S)            
0  7.00 b 6.79 b 6.96 b 7.33 7.29 7.71 a 7.63 a 7.75 a 7.38 a  
40  7.52 a 7.54 a 7.42 a 7.46 7.33 7.67 a 7.50 a 7.17 b 7.17 a  
60  7.75 a 7.63 a 7.29 ab 7.38 7.17 7.00 b 7.04 b 6.63 c 6.79 b  
SE ±  0.148 0.123 0.106 0.127 0.134 0.173 0.112 0.189 0.172  
Fe (kg ha-1)            
0  7.33 7.42 7.25 7.38 7.25 7.46 7.38 6.83 6.96  
3  7.38 7.29 7.17 7.42 7.33 7.42 7.38 7.21 7.08  
5  7.58 7.25 7.25 7.38 7.21 7.50 7.42 7.50 7.29  
SE ±  0.148 0.123 0.106 0.127 0.134 0.173 0.112 0.189 0.172  
 ANOVA 
Source Df           
Turf 1 ** * NS NS ** * ** ** ***  
Shade 2 *** *** * NS NS *** ** *** **  
Fe 2 NS NS NS NS NS NS NS NS NS  
† Turfgrass Quality based on a 1-9 scale, 1 = brown/dead, 6 = minimally acceptable, 9 = healthy/green. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability 
level, NS = Not significant.  
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Table 4.1. Turfgrass quality† of Diamond zoysiagrass (DZ) and Tifgrand  
bermudagrass (TG) in response to shade and iron (Fe) in round I (continued).  
 Week 
Turf (T)   9ǂ 10 11 12 13 14 15   
DZ  7.50 a 7.53 a 7.44a 7.44 a 7.50 a 7.47 a 7.69 a  
TG  6.47 b 6.56 b 6.39 b 6.58 b 6.33 b 6.06 b 6.33 b  
SE ±  0.158 0.109 0.146 0.075 0.068 0.124 0.191   
Shade (S)           
0  7.25 a 7.54 a 7.25 a 6.96 7.25 a 7.21 a 7.79 a  
40  6.96 ab 7.29 a 6.96 a 7.17 7.04 a 7.08 a 7.29 b  
60  6.75 b 6.29 b 6.54 b 6.92 6.46 b 6.00 b 5.96 c  
SE ±  0.171 0.124 0.162 0.100 0.089 0.149 0.212   
Fe (kg ha-1)           
0  6.63 c 6.63 c 6.58 b 6.67 b 6.83 6.58 6.83  
3  6.96 b 7.04 b 7.00 a 7.04 a 6.92 6.75 6.96  
5  7.38 a 7.46 a 7.17 a 7.33 a 7.00 6.96 7.25  
SE ±  0.171 0.124 0.162 0.100 0.089 0.149 0.212   
Turf*Shade (T*S)           
Turf Shade 
DZ 0 7.50 a 7.83 a 7.58 a 7.25 7.75 7.58 a 8.25  
 40 7.42 ab 7.75 a 7.42 a 7.67 7.75 7.92 a 7.92  
 60 7.58 a 7.00 bc 7.33 ab 7.42 7.00 6.92 b 6.92  
TG 0 7.00 b 7.25 b 6.92 bc 6.67 6.75 6.83 b 7.33  
 40 6.50 c 6.83 c 6.50 c 6.67 6.33 6.25 c 6.67  
 60 5.92 d 5.58 d 5.75 d 6.42 5.92 5.08 d 5.00  
SE ±  0.204 0.161 0.201 0.152 0.134 0.207 0.265   
Turf*Fe (T*Fe)           
Turf Fe (kg ha-1) 
DZ 0 7.42 ab 7.42 ab 7.25 7.08 7.50 7.42 7.50  
 3 7.42 ab 7.42 ab 7.42 7.50 7.42 7.42 7.67  
 5 7.67 a 7.75 a 7.67 7.75 7.58 7.58 7.92  
TG 0 5.83 d 5.83 d 5.92 6.25 6.17 5.75 6.17  
 3 6.50 c 6.67 c 6.58 6.58 6.42 6.08 6.25  
 5 7.08 b 7.17 b 6.67 6.92 6.42 6.33 6.58  
SE ±  0.204 0.161 0.201 0.152 0.134 0.207 0.295   
 ANOVA 
Source Df          
Turf 1 *** *** *** *** *** *** ***  
Shade 2 ** *** *** NS *** *** ***  
Fe 2 *** *** ** *** NS NS NS  
T*S 2 ** * * NS NS * NS  
T*Fe 2 ** ** NS NS NS NS NS   
† Turfgrass Quality based on a 1-9 scale, 1 = brown/dead, 6 = minimally acceptable, 9 = healthy/green. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level,  
*** Significant at 0.001 probability level, NS = Not significant.  
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Table 4.2. Turfgrass quality† of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass 
(TG) in response to shade and iron (Fe) in round II.       
 Week 
Turf (T)   0ǂ 1 2 3 4 5 6 7 8  
DZ  8.00 a 7.42 a 7.53 a 7.86 a 7.94 a 7.44 7.61 a 7.42 a 7.28 a  
TG  6.08 b 6.19 b 6.75 b 7.33 b 7.44 b 7.31 6.94 b 6.72 b 6.83 b  
SE ±  0.256 0.130 0.141 0.184 0.126 0.099 0.078 0.107 0.096  
Shade (S)            
0  7.46 a 7.33 a 7.88 a 8.04 a 8.13 a 7.50 b 8.00 a 8.13 a 7.83 a  
40  7.08 a 6.79 b 6.96 b 7.46 b 7.75 a 7.83 a 7.46 b 7.04 b 7.46 b  
60  6.58 b 6.29 c 6.58 b 7.29 b 7.21 b 6.79 c 6.38 c 6.04 c 5.88 c  
SE ±  0.272 0.152 0.161 0.196 0.150 0.119 0.103 0.133 0.122  
Fe (kg ha-1)            
0  6.79 6.54 b 6.83 b 7.29 b 7.50 7.21 7.13 6.88 6.92  
3  7.00 6.75 ab 7.17 ab 7.79 a 7.75 7.42 7.25 7.08 7.08  
5  7.33 7.13 a 7.42 a 7.71 a 7.83 7.50 7.46 7.25 7.17  
SE ±  0.272 0.152 0.161 0.196 0.150 0.119 0.103 0.133 0.122  
Turf * Shade (T*S)            
Turf Shade 
DZ 0 8.50 8.00 8.50 a 8.25 8.33 7.67 8.33 8.50 8.00  
 40 8.17 7.42 7.42 b 7.92 8.17 8.00 7.83 7.50 7.75  
 60 7.33 6.83 6.67 c 7.42 7.33 6.67 6.67 6.25 6.08  
TG 0 6.42 6.67 7.25 b 7.83 7.92 7.33 7.67 7.75 7.67  
 40 6.00 6.17 6.50 c 7.00 7.33 7.67 7.08 6.58 7.17  
 60 5.83 5.75 6.50 c 7.17 7.08 6.92 6.08 5.83 5.67  
SE ±  0.315 0.205 0.211 0.228 0.208 0.165 0.156 0.190 0.178  
Turf*Fe (T*Fe)            
Turf Fe (kg ha-1) 
DZ 0 7.75 7.33 7.25 7.67 7.92 7.50 a 7.67 7.33 7.33  
 3 8.00 7.33 7.58 8.00 8.08 7.50 a 7.50 7.42 7.25  
 5 8.25 7.58 7.75 7.92 7.83 7.33 ab 7.67 7.50 7.25  
TG 0 5.83 5.75 6.42 6.92 7.08 6.92 b 6.58 6.42 6.50  
 3 6.00 6.19 6.75 7.58 7.42 7.33 ab 7.00 6.75 6.92  
 5 6.42 6.67 7.08 7.50 7.83 7.67 a 7.25 7.00 7.08  
SE ±  0.315 0.205 0.211 0.228 0.208 0.165 0.156 0.190 0.178  
 ANOVA 
Source Df           
Turf 1 *** *** *** *** ** NS *** *** **  
Shade 2 ** *** *** *** *** *** *** *** ***  
Fe 2 NS * * ** NS NS NS NS NS  
T*S 2 NS NS * NS NS NS NS NS NS  
T*Fe 2 NS NS NS NS NS * NS NS NS  
† Turfgrass Quality based on a 1-9 scale, 1 = brown/dead, 6 = minimally acceptable, 9 = healthy/green. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 




Table 4.2. Turfgrass quality† of Diamond zoysiagrass (DZ) and Tifgrand  
bermudagrass (TG) in response to shade and iron (Fe) in round II (continued).  
 Week 
Turf (T)   9ǂ 10 11 12 13 14 15   
DZ  7.22 a 7.22 a 6.97 a 7.22 a 6.89 a 7.06 a 7.00 a  
TG  6.83 b 6.83 b 6.47 b 6.78 b 6.67 b 6.67 b 6.69 b  
SE ±  0.101 0.128 0.159 0.090 0.068 0.070 0.087   
Shade (S)           
0  7.83 a 7.79 a 7.96 a 7.92 a 7.79 a 7.92 a 7.83 a  
40  7.29 b 7.04 b 6.96 b 7.08 b 7.04 b 7.04 b 6.79 b  
60  5.96 c 6.25 c 5.25 c 6.00 c 5.50 c 5.63 c 5.92 c  
SE ±  0.126 0.147 0.175 0.113 0.087 0.089 0.102   
Fe (kg ha-1)           
0  6.75 b 6.88 6.75 7.00 6.67 6.58 b 6.71  
3  7.13 a 7.13 6.75 7.00 6.92 6.96 a 6.88  
5  7.21 a 7.08 6.67 7.00 6.75 7.04 a 6.96  
SE ±  0.126 0.147 0.175 0.113 0.087 0.089 0.102   
Turf*Fe (T*Fe)           
Turf Fe (kg ha-1) 
DZ 0 7.08 7.08 7.08 7.42 7.0 a 7.0 a 7.08 a  
 3 7.33 7.33 6.92 7.17 6.83 a 7.0 a 6.92 a  
 5 7.25 7.25 6.92 7.08 6.83 a 7.17 a 7.0 a  
TG 0 6.42 6.67 6.42 6.58 6.33 b 6.17 b 6.33 b  
 3 6.92 6.92 6.58 6.83 7.0 a 6.92 a 6.83 a  
 5 7.17 6.92 6.42 6.92 6.67 ab 6.92 a 6.92 a  
SE ±  0.182 0.193 0.215 0.162 0.129 0.134 0.137   
Shade*Fe (S*Fe)           
Shade Fe (kg ha-1) 
0 0 7.50 7.50 7.63 7.75 7.38 b 7.63 7.50  
 3 8.00 7.88 8.13 8.00 8.0 a 8.00 8.00  
 5 8.00 8.00 8.13 8.00 8.0 a 8.13 8.00  
40 0 6.75 6.75 7.00 7.00 6.75 c 6.50 6.63  
 3 7.50 7.25 7.13 7.13 7.25 b 7.38 6.88  
 5 7.63 7.13 6.75 7.13 7.13 bc 7.25 6.88  
60 0 6.00 6.38 5.63 6.25 5.88 d 5.63 6.00  
 3 5.88 6.25 5.00 5.88 5.5 de 5.50 5.75  
 5 6.00 6.13 5.13 5.88 5.13 e 5.75 6.00  
SE ±  0.224 0.230 0.249 0.200 0.161 0.167 0.165   
 ANOVA 
Source Df          
Turf 1 * ** ** ** * ** **  
Shade 2 *** *** *** *** *** *** ***  
Fe 2 * NS NS NS NS ** NS  
T*Fe 2 NS NS NS NS * * *  
S*Fe 4 NS NS NS NS ** NS NS   
† Turfgrass Quality based on a 1-9 scale, 1 = brown/dead, 6 = minimally acceptable, 9 = healthy/green. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001  





Figure 4.1. Turfgrass quality of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass 













Normalized Difference Vegetative Index 
 Round I and round II interactions were determined to be significantly different (p 
= <0.0001); thus, analysis of round I and round II are presented separately (Table 4.3 and 
4.4; Figure 4.4, 4.5, and 4.6). Discussion begins with the analysis of round I followed by 
round II. Excluding week 0, NDVI differed between turfgrass cultivars with Diamond 
zoysiagrass displaying a higher NDVI than Tifgrand bermudagrass (Figure 4.4). 
Differences were also shown between shade levels for most weeks except 9, 11, and 12. 
For weeks 0 through 3 and 5 through 7, NDVI was higher under 40% and 60% shade 
than full-sunlight (Figure 4.5). Occurring first during week 10, the lowest NDVI was 
displayed under 60% shade (0.757). A similar trend followed in weeks 13 and 14 with 
NDVI higher under full-sunlight and 40% shade. Weeks 0, 7, 9, 10, 13, and 14 
differences were shown in interactions between turfgrass cultivar and shade level. 
Tifgrand bermudagrass tended to display lower NDVI than Diamond zoysiagrass at 
corresponding shade levels, Tifgrand bermudagrass under 60% shade displaying the 
lowest NDVI in weeks 9, 10, 13, and 14. No differences in NDVI were shown between 
Fe levels in round I. 
 Analysis of round II is as follows. Differences between turfgrass cultivars were 
shown for all weeks, except week 2, following a similar pattern as round I with Diamond 
zoysiagrass displaying consistently higher NDVI then Tifgrand bermudagrass (Figure 
4.4). Weeks 2, 3, 5, and 8 through 15 showed differences in NDVI between shade levels 
(Figure 4.5). Round II was comparable to round I with NDVI in weeks 2 and 3 lowest 
under full-sunlight, but weeks 10 through 15 lowest under 60% shade. At the conclusion 
141 
 
of week 15, NDVI ranged in order from highest under full-sunlight (0.712), to 40% shade 
(0.685), to lowest under 60% shade (0.641) [Table 4.4]. During week 9, Diamond 
zoysiagrass displayed higher NDVI then Tifgrand bermudagrass across all levels of light 
with the NDVI of Diamond zoysiagrass decreasing as shade level increased; however, the 
NDVI of Tifgrand bermudagrass differed from highest under 40% shade (0.720), to 60% 
shade (0.703), to lowest under full-sunlight (0.687) [Table 4.4]. In week 14, Diamond 
zoysiagrass displayed the highest NDVI but NDVI was not impacted by Fe level. In 
contrast, Fe level did impact the NDVI of Tifgrand bermudagrass, NDVI increasing as Fe 
level increased during week 14. Differences were also shown in week 1 between shade 
level and Fe level, NDVI was higher at 3 kg ha-1 Fe (0.727) and 5 kg ha-1 Fe (0.719) than 
0 kg ha-1 Fe (0.705) under full-sunlight, highest at 5 kg ha-1 Fe (0.737) under 40% shade, 
and ranged from highest at 0 kg ha-1 Fe (0.728), followed by 3 kg ha-1 Fe (0.723), to 
lowest at 5 kg ha-1 Fe (0.716) under 60% shade. No differences in NDVI were observed 
between Fe levels in round II.   
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Table 4.3. Normalized difference vegetative index (NDVI†) of Diamond zoysiagrass 
(DZ) and Tifgrand bermudagrass (TG) in response to shade and iron (Fe) in round I.  
       Week 
Turf (T)   0ǂ 1 2 3 4 5 6 7 8  
DZ   0.706 0.744 a 0.750 a 0.758 a 0.740 a 0.737 a 0.761a 0.733 a 0.739 a  
TG   0.691 0.732 b 0.734 b 0.742 b 0.714 b 0.717 b 0.737 b 0.705 b 0.721 b  
SE ±   0.013 0.005 0.004 0.004 0.010 0.011 0.005 0.013 0.009  
Shade (S)            
0   0.672 b 0.729 b 0.724 b 0.737 b 0.712 b 0.703 b 0.737 b 0.697 b 0.719 b  
40   0.722 a 0.742 a 0.750 a 0.757 a 0.746 a 0.744 a 0.759 a 0.736 a 0.743 a  
60   0.701 a 0.743 a 0.753 a 0.756 a 0.722 b 0.734 a 0.752 a 0.723 a 0.727 ab  
SE ±   0.013 0.006 0.004 0.005 0.010 0.012 0.006 0.013 0.010  
Fe (kg ha-1)            
0   0.699 0.741 0.742 0.747 0.731 0.728 0.751 0.711 0.725  
3   0.692 0.733 0.741 0.752 0.723 0.725 0.742 0.722 0.731  
5   0.705 0.739 0.743 0.751 0.728 0.728 0.754 0.723 0.734  
SE ±   0.013 0.006 0.004 0.005 0.010 0.012 0.006 0.013 0.010  
Turf*Shade (T*S)            
Turf  Shade 
DZ  0 0.669 b 0.736 0.733 0.749 0.733 0.716 0.750 0.691 b 0.725  
  40 0.722 a 0.745 0.757 0.763 0.754 0.746 0.767 0.755 a 0.752  
  60 0.727 a 0.750 0.760 0.763 0.734 0.749 0.766 0.751 a 0.742  
TG  0 0.676 b 0.721 0.714 0.726 0.692 0.690 0.724 0.704 b 0.714  
  40 0.723 a 0.739 0.743 0.752 0.739 0.742 0.751 0.717 b 0.735  
  60 0.675 b 0.736 0.745 0.749 0.711 0.719 0.738 0.696 b 0.713  
SE ±   0.016 0.007 0.005 0.006 0.012 0.014 0.007 0.016 0.011  
 ANOVA 
Source  Df           
Turf  1 NS ** *** ** *** * *** ** **  
Shade  2 *** ** *** ** *** *** ** ** *  
Fe  2 NS NS NS NS NS NS NS NS NS  
T*S  2 * NS NS NS NS NS NS ** NS  
† NDVI is a measure of turfgrass color from 0.000 to 1.000 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability 
level, NS = Not significant.  
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Table 4.3. Normalized difference vegetative index (NDVI†) of Diamond 
zoysiagrass (DZ) and Tifgrand bermudagrass (TG) in response to shade  
and iron (Fe) in round I (continued).       
      Week 
Turf (T)   9ǂ 10 11 12 13 14 15  
DZ   0.761 a 0.757 a 0.739 a 0.761 a 0.747 a 0.772 a 0.746 a  
TG   0.745 b 0.718 b 0.716 b 0.738 b 0.691 b 0.737 b 0.715 b  
SE ±   0.002 0.006 0.022 0.007 0.010 0.008 0.020  
Shade (S)          
0   0.750 0.749 a 0.728 0.750 0.725 a 0.763 a 0.733 ab  
40   0.759 0.744 a 0.728 0.754 0.728 a 0.767 a 0.742 a  
60   0.749 0.720 b 0.726 0.743 0.704 b 0.733 b 0.717 b  
SE ±   0.003 0.007 0.022 0.008 0.010 0.009 0.021  
Fe (kg ha-1)          
0   0.750 0.733 0.725 0.744 0.712 0.752 0.730  
3   0.751 0.739 0.722 0.749 0.720 0.755 0.727  
5   0.758 0.741 0.734 0.755 0.725 0.756 0.736  
SE ±   0.003 0.007 0.022 0.008 0.010 0.009 0.021  
Turf*Shade (T*S)          
Turf  Shade 
DZ  0 0.754 ab 0.755 ab 0.731 0.761 0.748 a 0.772 ab 0.742  
  40 0.762 a 0.764 a 0.738 0.764 0.748 a 0.779 a 0.755  
  60 0.766 a 0.751 ab 0.747 0.757 0.745 a 0.766 ab 0.743  
TG  0 0.747 b 0.742 bc 0.725 0.740 0.701 b 0.755 b 0.725  
  40 0.756 ab 0.723 c 0.718 0.744 0.708 b 0.756 b 0.730  
  60 0.733 c 0.689 d 0.705 0.730 0.664 c 0.700 c 0.692  
SE ±   0.004 0.009 0.023 0.008 0.012 0.010 0.022  
 ANOVA 
Source  Df         
Turf  1 *** *** ** *** *** *** ***  
Shade  2 NS *** NS NS * *** *  
Fe  2 NS NS NS NS NS NS NS  
T*S  2 ** ** NS NS * ** NS  
† NDVI is a measure of turfgrass color from 0.000 to 1.000 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001  
probability level, NS = Not significant.  
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Table 4.4. Normalized difference vegetative index (NDVI†) of Diamond zoysiagrass 
(DZ) and Tifgrand bermudagrass (TG) in response to shade and iron (Fe) in round II.  
       Week 
Turf (T)   0ǂ 1 2 3 4 5 6 7 8  
DZ   0.700 a 0.727 a 0.699 0.748 a 0.702 a 0.712 a 0.731 a 0.707 a 0.733 a  
TG   0.664 b 0.709 b 0.685 0.702 b 0.659 b 0.651 b 0.673 b 0.649 b 0.672 b  
SE ±   0.010 0.004 0.015 0.010 0.016 0.014 0.008 0.007 0.004  
Shade (S)             
0   0.675 0.717 0.666 b 0.698 b 0.670 0.664 b 0.698 0.675 0.700 ab  
40   0.676 0.716 0.702 a 0.737 a 0.691 0.709 a 0.710 0.686 0.713 a  
60   0.696 0.722 0.708 a 0.740 a 0.681 0.672 b 0.698 0.672 0.695 b  
SE ±   0.010 0.004 0.015 0.010 0.017 0.015 0.009 0.008 0.005  
Fe (kg ha-1)            
0   0.682 0.713 0.695 0.728 0.667 0.673 0.696 0.667 0.700  
3   0.682 0.718 0.690 0.722 0.681 0.684 0.705 0.686 0.701  
5   0.683 0.724 0.691 0.724 0.694 0.687 0.706 0.682 0.708  
SE ±   0.010 0.004 0.015 0.010 0.017 0.015 0.009 0.008 0.005  
Shade*Fe (S*Fe)            
Shade Fe (kg ha-1) 
0 0  0.668 0.705 c 0.659 0.708 0.667 0.663 0.697 0.671 0.703  
 3  0.682 0.727 ab 0.670 0.686 0.664 0.662 0.704 0.683 0.691  
 5  0.674 0.719 abc 0.668 0.699 0.678 0.662 0.695 0.673 0.705  
40 0  0.680 0.706 c 0.712 0.734 0.662 0.698 0.693 0.656 0.696  
 3  0.659 0.705 c 0.687 0.743 0.698 0.714 0.705 0.703 0.723  
 5  0.690 0.737 a 0.707 0.733 0.713 0.715 0.731 0.700 0.721  
60 0  0.698 0.728 ab 0.713 0.742 0.672 0.659 0.698 0.674 0.699  
 3  0.704 0.723 abc 0.712 0.737 0.680 0.672 0.706 0.672 0.688  
 5  0.686 0.716 bc 0.700 0.740 0.690 0.684 0.691 0.671 0.698  
SE ±   0.014 0.007 0.018 0.014 0.021 0.021 0.012 0.012 0.009  
 ANOVA 
Source  Df           
Turf  1 *** *** NS *** *** *** *** *** ***  
Shade  2 NS NS *** *** NS ** NS NS *  
Fe  2 NS NS NS NS NS NS NS NS NS  
S*Fe  4 NS ** NS NS NS NS NS NS NS  
† NDVI is a measure of turfgrass color from 0.000 to 1.000 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 




Table 4.4. Normalized difference vegetative index (NDVI†) of Diamond 
zoysiagrass (DZ) and Tifgrand bermudagrass (TG) in response to shade  
and iron (Fe) in round II (continued).       
      Week 
Turf (T)   9ǂ 10 11 12 13 14 15  
DZ   0.759 a 0.709 a 0.722 a 0.727 a 0.692 a 0.704 a 0.711 a  
TG   0.703 b 0.627 b 0.640 b 0.663 b 0.624 b 0.637 b 0.648 b  
SE ±   0.004 0.006 0.005 0.005 0.004 0.006 0.005  
Shade (S)          
0   0.726 b 0.687 a 0.690 a 0.702 a 0.680 a 0.696 a 0.712 a  
40   0.743 a 0.675 a 0.692 a 0.711 a 0.668 a 0.676 b 0.685 b  
60   0.724 b 0.641 b 0.660 b 0.672 b 0.627 b 0.639 c 0.641 c  
SE ±   0.005 0.007 0.006 0.006 0.006 0.006 0.006  
Fe (kg ha-1)          
0   0.727 0.666 0.680 0.675 0.651 0.665 0.673  
3   0.733 0.671 0.679 0.699 0.665 0.674 0.682  
5   0.734 0.666 0.683 0.691 0.658 0.673 0.683  
SE ±   0.005 0.007 0.006 0.006 0.006 0.006 0.006  
Turf*Shade (T*S)          
Turf Shade 
DZ 0  0.766 a 0.721 0.733 0.735 0.713 0.729 0.749  
 40  0.767 a 0.714 0.731 0.739 0.702 0.714 0.715  
 60  0.745 b 0.691 0.701 0.707 0.662 0.668 0.669  
TG 0  0.687 e 0.653 0.648 0.670 0.647 0.663 0.675  
 40  0.720 c 0.636 0.653 0.683 0.635 0.639 0.655  
 60  0.703 d 0.592 0.618 0.637 0.592 0.610 0.614  
SE ±   0.006 0.010 0.008 0.009 0.008 0.008 0.009  
Turf*Fe (T*Fe)          
Turf Fe (kg ha-1) 
DZ 0  0.759 0.706 0.724 0.732 0.694 0.710 a 0.712  
 3  0.763 0.716 0.725 0.733 0.695 0.706 a 0.714  
 5  0.756 0.704 0.716 0.715 0.686 0.695 a 0.708  
TG 0  0.695 0.626 0.636 0.657 0.608 0.620 c 0.635  
 3  0.703 0.626 0.633 0.666 0.635 0.641 bc 0.651  
 5  0.712 0.628 0.651 0.666 0.630 0.651 b 0.658  
SE ±   0.006 0.010 0.008 0.009 0.008 0.008 0.009  
 ANOVA 
Source  Df         
Turf  1 *** *** *** *** *** *** ***  
Shade  2 ** *** *** *** *** *** ***  
Fe  2 NS NS NS NS NS NS NS  
T*S  2 ** NS NS NS NS NS NS  
T*Fe  2 NS NS NS NS NS * NS  
† NDVI is a measure of turfgrass color from 0.000 to 1.000 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001  




















 Round I and round II treatment interactions were different (p = <0.0001); 
therefore, analysis will be presented separately starting with discussion of round I 
followed by round II (Table 4.5 and 4.6; Figure 4.7, 4.8, and 4.9). On 6/14/2017, 
differences were only observed between turfgrass cultivars, Diamond zoysiagrass (450) 
displaying a higher chlorophyll index than Tifgrand bermudagrass (389).Dates 6/28/2017 
and 7/10/2017 followed a similar trend with the highest chlorophyll index displayed by 
Diamond zoysiagrass. Chlorophyll index differed between shade levels on 6/28/2017, 
highest under 40% shade (443). Differences in chlorophyll index between turfgrass 
cultivar and shade level varied on 6/28/2017, the highest displayed by Diamond 
zoysiagrass under 40% shade (481) and lowest displayed by Tifgrand bermudagrass 
under 60% shade (270). 7/10/2017 chlorophyll index decreased as shade level increased 
in order from full-sunlight (459), to 40% shade (393), to 60% shade (311) [Table 4.5]. 
Differences between turfgrass cultivar and Fe level varied on 7/10/2017, chlorophyll 
index displayed by Diamond zoysiagrass was highest at 3 kg ha-1 Fe (480), whereas, the 
highest chlorophyll index for Tifgrand bermudagrass was shown at 5 kg ha-1 Fe (383). 
Chlorophyll index between shade level and Fe level on 7/10/2017 showed some 
variation, but overall tended to decrease as shade level increased and increase as Fe level 
increased. Chlorophyll index between Fe levels displayed no differences in round I.  
 Analysis of round II is discussed as follows. The only differences in chlorophyll 
index were shown between turfgrass cultivars on 9/20/2017, chlorophyll index higher for 
Diamond zoysiagrass (385) than Tifgrand bermudagrass (329). On 11/28/2017 and 
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12/19/2017 differences between shade level were found, full-sunlight (285) and 40% 
shade (267) both having higher chlorophyll indexes than 60% shade (213) on 11/28/2017 
and chlorophyll index decreasing as shade level increased on 12/19/2017. Chlorophyll 
index decreased under 40% and 60% shade compared to full-sunlight for Diamond 
zoysiagrass, but chlorophyll index of Tifgrand bermudagrass was higher under 40% 
shade than full-sunlight and both were higher than 60% shade on 11/28/2017. 
Chlorophyll index of both Diamond zoysiagrass and Tifgrand bermudagrass decreased as 
shade level increased on 12/19/2017. No differences in chlorophyll index were shown in 
round II between Fe levels.   
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Table 4.5. Chlorophyll Index† of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass 
(TG) in response to shade and iron (Fe) in round I.       
 Date 
Turf    6/14/2017 6/28/2017 7/10/2017  
DZ    450 a 431 a 433 a  
TG    389 b 342 b 343 b  
SE ±    23.6 25.6 20.9  
Shade        
0    370 362 b 459 a  
40    460 443 a 393 b  
60    402 356 b 311 c  
SE ±    27.1 27.1 24.1  
Fe (kg ha-1)       
0    386 417 385  
3    432 361 394  
5    442 383 384  
SE ±    27.1 27.2 24.1  
Turf*Shade (T*S)       
Turf Shade 
DZ 0   414 372 c 513  
 40   497 481 a 439  
 60   439 441 ab 346  
TG 0   380 351 c 405  
 40   424 405 bc 347  
 60   365 270 d 276  
SE ±    35.7 31.7 31.9  
Turf*Fe (T*Fe)       
Turf Fe (kg ha-1) 
DZ 0   437 486 434 ab  
 3   436 393 480 a  
 5   476 415 385 bc  
TG 0   334 348 337 c  
 3   427 328 308 c  
 5   407 350 383 bc  
SE ±    35.7 31.7 31.9  
Shade*Fe (S*Fe)       
Shade Fe (kg ha-1) 
0 0   370 384 494 ab  
 3   436 331 507 a  
 5   385 371 373 cde  
40 0   403 493 362 cde  
 3   461 369 395 bcd  
 5   517 440 422 abc  
60 0   384 375 299 de  
 3   399 356 278 e  
 5   423 337 357 cde  
SE ±    42.6 35.6 38.1  
 ANOVA 
Source  Df      
Turf  1  * *** ***  
Shade  2  NS *** ***  
Fe  2  NS NS NS  
Turf*Shade 2  NS ** NS  
Turf*Fe  2  NS NS *  
Shade*Fe  4  NS NS *  
† Chlorophyll index is a unit measurement of relative chlorophyll content from 0 to 999. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 




Table 4.6. Chlorophyll Index† of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass 
(TG) in response to shade and iron (Fe) in round II.       
 Date 
Turf (T) 9/20/2017ǂ 10/4/2017 10/25/2017 11/28/2017 12/19/2017  
DZ   385 a 265 282 268 248  
TG   329 b 271 270 242 234  
SE ±   28.1 23.7 28.3 16.3 17.0  
Shade (S)        
0   346 285 258 285 a 282 a  
40   351 255 308 267 a 245 b  
60   373 265 262 213 b 197 c  
SE ±   29.5 25.9 30.0 18.3 18.5  
Fe (kg ha-1)        
0   346 256 252 254 234  
3   364 283 281 268 241  
5   360 266 295 242 248  
SE ±   29.5 25.9 30.0 18.3 18.5  
Turf*Shade (T*S)       
Turf Shade 
DZ 0  391 252 256 320 a 315 a  
 40  381 278 314 243 b 240 b  
 60  381 266 275 242 b 188 c  
TG 0  301 318 260 251 b 249 b  
 40  320 232 302 290 ab 249 b  
 60  365 264 248 183 c 206 bc  
SE ±   33.3 31.4 34.6 23.2 22.3  
 ANOVA 
Source Df       
Turf  1 ** NS NS NS NS  
Shade  2 NS NS NS ** ***  
Fe  2 NS NS NS NS NS  
T*S  2 NS NS NS * *  
† Chlorophyll index is a unit measurement of relative chlorophyll content from 0 to 999. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 





Figure 4.7. Chlorophyll index of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass 













 Round I and round II interactions were compared and the p-value was determined 
to be less than 0.05 resulting in analysis of round I and II to be presented separately 
(Table 4.7 and 4.8; Figure 4.10, 4.11, and 4.12). Round I analysis is discussed first 
followed by the discussion of round II analysis. In round I on 4/18/2017, differences were 
only shown between Fe levels, 0 kg ha-1 Fe displaying the highest clipping yield. 
5/9/2017 and 5/30/2017 of round I were similar with clipping yield only differing 
between shade levels. Full-sunlight produced the lowest clipping yield, increasing under 
40% shade, and slightly decreasing from 40% to 60% shade on 5/30/17. Differences in 
clipping yield were observed between turfgrass cultivars and shade levels on 7/10/2017 
of round I, Diamond zoysiagrass produced a higher clipping yield than Tifgrand 
bermudagrass, and higher clipping yield was observed under 40% shade than both full-
sunlight and 60% shade. 
 Round II analysis is discussed as follows. Differences on 9/26/2017 only occurred 
between shade levels, 40% shade found to have the highest clipping yield. On 10/17/2017 
and 11/28/2017, clipping yield differed between turfgrass cultivars and shade levels, 
Diamond zoysiagrass having a higher clipping yield than Tifgrand bermudagrass on both 
dates. Clipping yield was not different between full-sunlight and 40% shade on 
10/17/2017, but both were higher than 60% shade. Similar trends were shown on 
11/7/2017 and 12/19/2017 when differences in clipping yield were also observed between 
shade levels. Clipping yield on 11/28/2017 decreased as shade level increased in order 
from highest under full-sunlight (30.4 g m-2), to 40% shade (24.7 g m-2), to lowest under 
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60% shade (18.7 g m-2) [Table 4.8; Figure 4.11]. Clipping yield differed between Fe 
levels on 12/19/2017, higher clipping yield was produced by turfgrasses treated with 0 kg 
ha-1 Fe than 3 and 5 kg ha-1 Fe. Although variations between turfgrass cultivars, shade 
levels, and Fe levels were observed on 11/7/2017, clipping yield was highest for 
Diamond zoysiagrass under full-sunlight treated with 3 kg ha-1 Fe (26.0) and lowest for 
Tifgrand bermudagrass under 60% shade treated with 3 kg ha-1 Fe (14.7).  
 
Table 4.7. Clipping yield† of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass 
(TG) in response to shade and iron (Fe) in round I.       
 ------------------------------- Sample ------------------------------   
Turf (T) 4/18/2017 5/9/2017 5/30/2017 6/20/2017 7/10/2017  
DZ   43.7  36.8  41.2  43.8  30.0 a  
TG   43.3  35.0  41.1  29.4  21.8 b  
SE ±   4.77  1.69  1.98  7.21  1.58  
Shade (S)            
0   38.5  25.1 b  35.5 b  40.6  23.6 b  
40   42.7  42.2 a  45.2 a  38.1  32.4 a  
60   49.2  40.4 a  42.7 ab  30.9  21.3 b  
SE±   5.18  1.94  2.57  8.35  1.74  
Fe (kg ha-1)            
0   54.8 a  38.5  43.7  32.6  26.4  
3   42.1 b  34.9  36.9  31.6  24.5  
5   33.6 b  34.2  42.8  45.5  26.5  
SE ±   5.18  1.94  2.57  8.35  1.74  
 ANOVA 
Source Df           
Turf  1 NS  NS  NS  NS  ***  
Shade  2 NS  ***  *  NS  ***  
Fe  2 ***  NS  NS  NS  NS  
† Clipping Yield is based on the units of g m-2 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 
probability level, NS = Not significant.  
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Table 4.8. Clipping yield† of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass 
(TG) in response to shade and iron (Fe) in round II.       
  -------------------------------------- Sample --------------------------------------- 
Turf (T) 9/26/2017 10/17/2017 11/7/2017 11/28/2017 12/19/2017  
DZ   59.7 30.2 a 20.5 25.8 a 23.3  
TG   54.9 26.3 b 19.4 23.4 b 22.9  
SE ±   2.71 0.83 1.23 0.82 1.05  
Shade (S)        
0   56.7 b 29.1 a 21.7 a 30.4 a 26.0 a  
40   62.8 a 30.9 a 21.7 a 24.7 b 25.3 a  
60   52.5 b 24.7 b 16.4 b 18.7 c 18.0 b  
SE ±   2.96 0.97 1.31 0.99 1.19  
Fe (kg ha-1)        
0   59.6 29.8 21.1 26.2 25.7 a  
3   57.8 27.1 19.2 23.8 22.1 b  
5   54.6 27.8 19.6 23.7 21.5 b  
SE ±   2.96 0.97 1.31 0.99 1.19  
Turf*Shade*Fe (T*S*Fe)      
Turf Shade Fe (kg ha-1) 
DZ 0 0 66.3 34.9 24.7 abc 36.4 28.5  
  3 57.6 30.7 26.0 a 31.5 26.5  
  5 55.1 29.5 19.5 cdefgh 30.6 26.9  
 40 0 64.2 35.5 22.8 abcde 22.6 22.8  
  3 69.5 34.0 19.2 cdefgh 28.3 26.6  
  5 65.8 31.3 25.7 ab 28.3 26.2  
 60 0 51.1 27.3 16.6 fgh 18.9 21.6  
  3 56.7 24.7 14.7 gh 17.0 14.3  
  5 50.7 24.0 15.5 fgh 18.7 16.0  
TG 0 0 63.2 26.8 20.3 bcdefg 30.1 31.8  
  3 51.4 24.4 19.5 cdefgh 25.8 21.0  
  5 46.3 28.5 20.4 bcdef 28.0 21.4  
 40 0 61.1 31.5 23.9 abcd 25.5 29.1  
  3 56.1 25.0 20.8 abcdef 23.8 25.5  
  5 60.1 28.0 18.0 efgh 19.6 21.5  
 60 0 51.4 22.6 18.3 efgh 23.6 20.4  
  3 55.5 24.1 14.7 h 16.8 18.6  
  5 49.3 25.7 18.4 defgh 17.2 17.2  
SE ±   5.44 2.17 2.22 2.39 2.47  
 ANOVA 
Source  Df       
Turf  1 NS *** NS * NS  
Shade  2 ** *** *** *** ***  
Fe  2 NS NS NS NS **  
T*S*Fe  4 NS NS * NS NS  
† Clipping Yield is based on the units of g m-2 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 





Figure 4.10. Clipping yield (g m-2) of Diamond zoysiagrass (DZ) and Tifgrand 












Tissue Nutrient Concentrations 
 Round I and round II interactions differed and sample interactions within each 
round also differed, p-value lower than 0.05, resulting in round I and II, as well as 
samples in each round, being presented separately (Table 4.9 and 4.10). Discussion of 
analysis will begin with round I followed by round II. Within each round, samples will be 
discussed in order from 4/18/2017 to 5/30/2017 to 7/10/2017 in round I and 9/26/2017 to 
11/7/2017 to 12/19/2017 in round II. On the 4/18/2017 sampling date of round I, 
differences were observed between turfgrass cultivars, shade levels, Fe levels, and 
interactions between turfgrass cultivars and shade levels. Tissue concentrations of P, Ca, 
S, Mn, Cu, Zn, and Na differed between turfgrass cultivars, Diamond zoysiagrass had 
higher P (p < 0.001) and Na (p < 0.001) tissue concentrations; whereas tissue 
concentrations of Ca (p < 0.001), S (p < 0.001), Mn (p < 0.001), Cu (p < 0.01), and Zn 
(p < 0.001) were higher in Tifgrand bermudagrass. Shade level influenced tissue 
concentrations for all nutrients except Fe. Tissue nutrient concentrations were lowest 
under full-sunlight and increased with shade level (all nutrients p < 0.001, save Ca p < 
0.01). Fe treatments only influenced tissue Fe concentrations; tissue concentrations of Fe 
increased as Fe level increased. Differences between turfgrass cultivars and shade levels 
occurred for tissue concentrations of P (p < 0.05), S (p < 0.001), and Zn (p < 0.001). 
Tissue P concentration was lowest under full-sunlight, increasing under 40% shade for 
both turfgrasses, and increased further under 60% shade for Tifgrand bermudagrass. 
Tissue concentrations of S, overall, were lower for Diamond zoysiagrass than Tifgrand 
bermudagrass, but were also shown to increase as shade level increased. Tissue Zn 
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concentrations increased in order as follows Diamond zoysiagrass under full-sunlight 
(14.1 mg kg-1), Diamond zoysiagrass under 40% shade (19.0 mg kg-1), Diamond 
zoysiagrass under 60% shade (25.0 mg kg-1), Tifgrand bermudagrass under full-sunlight 
(31.6 mg kg-1), Tifgrand bermudagrass under 40% shade (48.7 mg kg-1), and Tifgrand 
bermudagrass under 60% shade (59.8 mg kg-1) [Table 4.9].  
 Differences between turfgrass cultivars, shade levels, Fe levels, and interactions 
between turfgrass cultivars and shade levels were observed on 5/30/2017. Tifgrand 
bermudagrass had higher tissue concentrations of K (p < 0.01), Ca (p < 0.001), Mg (p < 
0.05), S (p < 0.001), Mn (p < 0.001), Cu (p < 0.001), and Zn (p < 0.001), whereas Tissue 
Na concentrations (p < 0.001) were higher in Diamond zoysiagrass. Differences between 
shade levels occurred for tissue concentrations of P, K, Ca, Mg, S, Cu, Zn, and Na (all 
nutrients p < 0.001), concentrations increased as shade level increased. Fe treatments 
only impacted tissue Fe concentrations (p < 0.01), Fe tissue concentrations increasing as 
Fe level increased. Ca, S, Zn, and Na tissue concentrations increased with shade level for 
both turfgrasses. Overall, tissue concentrations of Ca, S, and Zn were lower in Diamond 
zoysiagrass but, Diamond zoysiagrass had collectively higher tissue Na concentrations 
than Tifgrand bermudagrass.  
 On the 7/10/2017 sample date, differences in tissue nutrient concentrations were 
shown between turfgrass cultivars, shade levels, Fe levels, interactions between turfgrass 
cultivar and shade level, and interactions between shade level and Fe level. Tifgrand 
bermudagrass had higher tissue concentrations of Ca (p < 0.001), Mg (p < 0.05), S (p < 
0.001), Mn (p < 0.05), Cu (p < 0.001), and Zn (p < 0.001), but Diamond zoysiagrass had 
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higher tissue Na concentrations (p < 0.001). Differences between shade levels were 
observed for P (p < 0.001), K (p < 0.001), Ca (p < 0.001), Mg (p < 0.001), S (p < 
0.001), Fe (p < 0.001), Cu (p < 0.001), Zn (p < 0.001), and Na (p < 0.05) tissue 
concentrations. Differences between Fe levels occurred for tissue S (p < 0.05), Fe (p < 
0.001), and Cu (p < 0.05) concentrations. Interactions between turfgrass cultivars and 
shade levels differed for tissue concentrations of Ca (p < 0.001), Mn (p < 0.05), Zn (p < 
0.001), and Na (p < 0.001), concentration increased as shade level increased, except 
tissue Mn concentrations in Tifgrand bermudagrass that were higher under full-sunlight. 
Tissue Ca, Mn, and Zn concentrations were also consistently higher in Tifgrand 
bermudagrass than Diamond zoysiagrass; however, tissue concentrations of Na as a 
whole were higher in Diamond zoysiagrass than Tifgrand bermudagrass. Tissue Fe 
concentrations (p < 0.001) increased as both Fe level and Shade level increased.  
 Discussion of round II analysis is as follows. Differences were shown between 
turfgrass cultivar, shade level, Fe level, interactions between turfgrass cultivar and shade 
level, and interactions between turfgrass cultivar and Fe level on 9/26/2017. Tifgrand 
bermudagrass had higher tissue concentrations of K (p < 0.01), Ca (p < 0.001), Mg (p < 
0.05), S (p < 0.001), Fe (p < 0.01), Cu (p < 0.001), and Zn (p < 0.001), whereas 
Diamond zoysiagrass had higher tissue Na concentrations (p < 0.001). Tissue P (p < 
0.001), K (p < 0.001), Ca (p < 0.01), S (p < 0.001), Cu (p < 0.001), Zn (p < 0.001), and 
Na (p < 0.001) concentrations were lower under full-sunlight and increased with shade 
level. In contrast, tissue Mn concentrations (p < 0.001) were highest under full-sunlight 
and decreased as shade level increased. Fe treatments only differed for tissue Fe 
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concentrations (p < 0.001), increasing as Fe level increased. Tissue P (p < 0.01), S (p < 
0.001), and Na (p < 0.001) concentrations increased with shade level for both turfgrasses, 
Tissue Ca (p < 0.05) and Zn (p < 0.05) concentrations only increased with shade level 
for Tifgrand bermudagrass, and there were no differences between shade levels for 
Diamond zoysiagrass. Tissue Mn (p < 0.001) concentrations decreased as shade level 
increased for both turfgrasses. Tissue concentrations of P (p < 0.01) and K (p < 0.05) 
decreased from 0, to 3, to 5 kg ha-1 Fe for Diamond zoysiagrass, but increased for 
Tifgrand from 0 to 3 kg ha-1 Fe, and slightly decreased from 3 to 5 kg ha-1 Fe.  
 On 11/7/2017, differences were observed between turfgrass cultivars, shade 
levels, Fe levels, interactions between turfgrass cultivar and Fe level, and interactions 
between shade level and Fe level. Tissue concentrations of P (p < 0.001), K (p < 0.001), 
Ca (p < 0.001), S (p < 0.001), Cu (p < 0.001), Zn (p < 0.001), and Na (p < 0.001) were 
higher in Tifgrand bermudagrass, but tissue Mn (p < 0.05) concentrations were higher in 
Diamond zoysiagrass. Tissue K (p < 0.001), Ca (p < 0.001), S (p < 0.001), Fe (p < 
0.001), Cu (p < 0.001), Zn (p < 0.001), and Na (p < 0.001) concentrations were lower 
under full-sunlight than 40% and 60% shade; whereas, tissue P (p < 0.001) concentration 
was higher under 40% shade than full-sunlight or 60% shade. In contrast, tissue Mn (p < 
0.001) concentration was highest under full-sunlight and decreased as shade level 
increased. Differences in Fe levels were observed for tissue concentrations of Ca (p < 
0.05), S (p < 0.05), and Fe (p < 0.001). Tissue S and Fe concentrations increased as Fe 
level increased, but tissue Ca concentrations decreased from 0 to 3 and 5 kg ha-1 Fe. 
Tissue P (p < 0.05), K (p < 0.001), Fe (p < 0.05), Zn (p < 0.001), and Na (p < 0.001) 
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concentrations increased with shade level for both turfgrasses, tissue Mg (p < 0.05) 
concentrations only increased with shade level for Diamond zoysiagrass, and tissue Mn 
(p < 0.001) concentrations decreased with shade level for both turfgrasses. Tissue Fe (p 
< 0.001) concentrations were observed to increase as Fe level and shade level increased.  
 Differences were observed between turfgrass cultivars, shade levels, Fe levels, 
and all interactions between turfgrass cultivar, shade level, and Fe level on 12/19/2017. 
Tifgrand bermudagrass had higher tissue concentrations of P (p < 0.001), K (p < 0.001), 
Ca (p < 0.001), Cu (p < 0.05), Zn (p < 0.001), and Na (p < 0.001); whereas, tissue Mg (p 
< 0.001), S (p < 0.05), and Mn (p < 0.001) concentrations were higher in Diamond 
zoysiagrass. Highest tissue concentrations of K (p < 0.001), Ca (p < 0.001), Mg (p < 
0.001), S (p < 0.001), Fe (p < 0.001), Cu (p < 0.001), Zn (p < 0.001), and Na (p < 0.001) 
were observed under 60% shade, following similar trends as samples A and B, increasing 
as shade level increased. Differences in tissue S (p < 0.001), Fe (p < 0.001), and Cu (p < 
0.01) concentrations were displayed between Fe levels, increased as Fe level increased 
for S and Fe, higher in turfgrasses treated with 3 and 5 kg ha-1 Fe than 0 kg ha-1 Fe. 
Tissue concentrations of P (p < 0.001), S (p < 0.05), Cu (p < 0.01), Zn (p < 0.001), and 
Na (p < 0.001) increased as shade level increased for both turfgrasses. Tissue K (p < 
0.001) concentrations increased with shade level for Tifgrand bermudagrass, but 
decreased under 60% shade for Diamond zoysiagrass. Tissue Mg (p < 0.001) 
concentrations increased with shade level for Diamond zoysiagrass, but did not differ 
between shade levels for Tifgrand bermudagrass. Tissue Mn (p < 0.05) concentrations 
increased from full-sunlight to 40% shade and decreased from 40% to 60% shade in 
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Diamond zoysiagrass, with the lowest tissue Mn concentrations shown under 40% shade 
in Tifgrand bermudagrass. Tissue P (p < 0.05) concentrations decreased as Fe level 
increased in Diamond zoysiagrass and increased as Fe level increased from 0 to 3 and 5 
kg ha-1 Fe in Tifgrand bermudagrass. Tissue S (p < 0.01) and Fe (p < 0.001) 
concentrations increased as both shade level and Fe level increased, tissue K (p < 0.05) 
concentrations increased with shade level and Fe level under full-sunlight and 60% 
shade. As shade level and Fe level increased tissue S (p < 0.05) concentrations also 




Table 4.9. Tissue nutrient concentrations of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass (TG) in response to  
shade and iron (Fe) in round I.  
Tissue Nutrient Concentration† (4/18/2017) 
 ---------------------------------- % -----------------------------------  ------------------------------- mg kg-1 --------------------------------  
Turf (T)  Pǂ K Ca Mg S Fe Mn Cu Zn Na  
DZ  0.42 a 1.25 0.18 b 0.13 0.20 b 158 50.3 b 9.40 b 19.4 b 817 a  
TG  0.35 b 1.26 0.34 a 0.13 0.26 a 167 62.2 a 10.3 a 46.7 a 246 b  
Shade (S)            
0  0.25 b 0.81 c 0.23 b 0.10 b 0.15 c 177 45.4 b 7.10 c 22.9 c 422 c  
40  0.43 a 1.37 b 0.27 a 0.14 a 0.25 b 135 59.1 a 10.5 b 33.8 b 557 b  
60  0.47 a 1.58 a 0.27 a 0.15 a 0.28 a 175 64.3 a 12.0 a 42.4 a 616 a  
Fe (kg ha-1)            
0  0.38 1.23 0.26 0.13 0.22 96.8 b 54.7 9.57 32.6 542  
3  0.40 1.29 0.27 0.14 0.24 161 ab 57.7 10.1 34.2 536  
5  0.37 1.23 0.25 0.13 0.28 230 a 56.4 9.93 32.3 518  
Turf*Shade (T*S)            
Turf Shade 
DZ 0 0.31 c 0.88 0.17 0.11 0.16 d 199 37.1 7.15 14.2 e 671  
 40 0.47 a 1.33 0.19 0.14 0.22 c 126 56.4 9.91 19.0 e 860  
 60 0.48 a 1.53 0.18 0.14 0.22 c 149 57.3 11.1 25.0 d 921  
TG 0 0.19 d 0.74 0.30 0.10 0.15 d 156 53.7 7.05 31.6 c 174  
 40 0.39 b 1.41 0.36 0.14 0.29 b 144 61.8 11.2 48.7 b 255  
 60 0.46 a 1.63 0.37 0.15 0.34 a 201 71.2 12.8 59.8 a 310  
 ANOVA 
Source Df            
Turf 1 *** NS *** NS *** NS *** ** *** ***  
Shade 2 *** *** ** *** *** NS *** *** *** ***  
Fe 2 NS NS NS NS NS ** NS NS NS NS  
T*S 2 * NS NS NS *** NS NS NS *** NS  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried clipping samples. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.  
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Table 4.9. Tissue nutrient concentrations of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass (TG) in response to  
shade and iron (Fe) in round I (continued).  
Tissue Nutrient Concentration† (5/30/2017) 
 ---------------------------------- % -----------------------------------  ------------------------------- mg kg-1 --------------------------------  
Turf (T)  Pǂ K Ca Mg S Fe Mn Cu Zn Na  
DZ  0.39 1.34 b 0.20 b 0.14 b 0.24 b 232 53.8 b 10.4 b 19.6 b 845 a  
TG  0.39 1.52 a 0.37 a 0.16 a 0.34 a 240 71.3 a 12.6 a 55.4 a 401 b  
Shade (S)            
0  0.29 c 0.99 b 0.25 b 0.13 b 0.20 b 292 57.3 8.00 b 24.5 b 462 b  
40  0.46 a 1.62 a 0.29 a 0.16 a 0.33 a 159 63.3 13.2 a 42.5 a 669 a  
60  0.42 b 1.68 a 0.31 a 0.16 a 0.33 a 257 67.1 13.3 a 45.5 a 738 a  
Fe (kg ha-1)            
0  0.39 1.42 0.29 0.15 0.28 82.4 b 63.3 11.1 37.5 657  
3  0.39 1.40 0.27 0.15 0.28 236 ab 60.5 11.6 36.0 590  
5  0.40 1.47 0.29 0.15 0.30 390 a 63.9 11.9 39.1 621  
Turf*Shade (T*S)            
Turf Shade 
DZ 0 0.30 0.88 0.19 c 0.13 0.18 c 229 46.0 7.41 12.1 d 630 b  
 40 0.45 1.55 0.20 c 0.14 0.26 b 158 54.0 11.8 22.5 c 950 a  
 60 0.42 1.60 0.21 c 0.16 0.27 b 311 61.5 12.0 24.3 c 953 a  
TG 0 0.28 1.10 0.31 b 0.13 0.23 b 356 68.7 8.58 36.9 b 293 c  
 40 0.48 1.70 0.39 a 0.17 0.40 a 160 72.6 14.6 62.6 a 388 c  
 60 0.43 1.75 0.40 a 0.17 0.39 a 203 72.7 14.7 66.6 a 522 b  
 ANOVA 
Source Df            
Turf 1 NS ** *** * *** NS *** *** *** ***  
Shade 2 *** *** *** *** *** NS NS *** *** ***  
Fe 2 NS NS NS NS NS ** NS NS NS NS  
T*S 2 NS NS * NS * NS NS NS *** **  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried clipping samples. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.  
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Table 4.9. Tissue nutrient concentrations of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass (TG) in response to  
shade and iron (Fe) in round I (continued).  
Tissue Nutrient Concentration† (7/10/2017) 
  -------------------------------------- % ----------------------------------------   ----------------------------------- mg kg-1 ------------------------------------- 
Turf (T)  Pǂ K Ca Mg S Fe Mn Cu Zn Na  
DZ  0.38 1.54 0.25 b 0.15 b 0.27 b 200 56.4 b 11.4 b 24.3 b 883 a  
TG  0.38 1.54 0.41 a 0.16 a 0.32 a 197 62.2 a 13.3 a 56.4 a 423 b  
Shade (S)             
0  0.32 c 1.27 c 0.29 c 0.15 b 0.25 b 134 b 59.0 9.93 c 30.8 c 611 b  
40  0.44 a 1.60 b 0.34 b 0.16 a 0.31 a 175 b 59.9 13.1 b 41.0 b 636 ab  
60  0.39 b 1.75 a 0.37 a 0.17 a 0.33 a 288 a 59.0 14.1 a 49.2 a 713 a  
Fe (kg ha-1)            
0  0.38 1.47 0.33 0.16 0.28 b 82.1 c 58.9 11.6 b 39.3 665  
3  0.38 1.58 0.34 0.16 0.31 a 221 b 59.5 12.7 a 41.1 643  
5  0.38 1.57 0.33 0.16 0.30 a 293 a 59.5 12.8 a 40.7 652  
Turf*Shade (T*S)            
Turf Shade 
DZ 0 0.33 1.24 0.23 e 0.14 0.23 139 52.4 c 9.00 d 18.5 e 955 a  
 40 0.45 1.62 0.27 d 0.16 0.28 187 61.7 ab 12.8 b 26.3 d 888 ab  
 60 0.36 1.76 0.26 de 0.16 0.29 275 55.1 bc 12.4 b 28.1 d 806 b  
TG 0 0.31 0.13 0.35 c 0.15 0.26 128 65.5 a 10.9 c 43.1 c 267 e  
 40 0.43 1.58 0.41 b 0.17 0.34 163 58.1 abc 13.4 b 55.8 b 383 d  
 60 0.41 1.74 0.48 a 0.17 0.36 301 62.9 ab 15.8 a 70.3 a 619 c  
Shade*Fe (S*Fe)            
Shade Fe (kg ha-1) 
0 0 0.31 1.26 0.30 0.14 0.24 65.3 f 59.8 9.47 30.5 627  
 3 0.32 1.26 0.29 0.15 0.25 151 de 61.4 10.1 30.3 589  
 5 0.32 1.30 0.28 0.14 0.25 184 cd 55.6 10.2 31.6 619  
40 0 0.43 1.53 0.33 0.16 0.29 79.0 ef 58.5 12.2 39.2 618  
 3 0.45 1.66 0.35 0.17 0.33 204 cd 60.8 13.6 42.7 628  
 5 0.44 1.62 0.34 0.16 0.32 241 bc 60.5 13.5 41.2 661  
60 0 0.40 1.64 0.36 0.17 0.31 102 ef 58.3 13.1 48.1 749  
 3 0.38 1.83 0.37 0.16 0.34 307 b 56.3 14.5 50.3 712  
 5 0.38 1.79 0.37 0.16 0.34 454 a 62.4 14.6 49.2 676  
 ANOVA 
Source Df            
Turf 1 NS NS *** * *** NS * *** *** ***  
Shade 2 *** *** *** *** *** *** NS *** *** *  
Fe 2 NS NS NS NS * *** NS * NS NS  
T*S 2 NS NS *** NS NS NS * ** *** ***  
S*Fe 4 NS NS NS NS NS *** NS NS NS NS  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried samples. ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.  
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Table 4.10. Tissue nutrient concentrations of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass (TG) in response to  
shade and iron (Fe) in round II.  
Tissue Nutrient Concentration† (9/26/2017) 
  -------------------------------------- % ----------------------------------------   ----------------------------------- mg kg-1 ------------------------------------- 
Turf (T)  Pǂ K Ca Mg S Fe Mn Cu Zn Na  
DZ  0.39 1.32 b 0.29 b 0.16 b 0.24 b 291 b 57.1 13.4 b 25.6 b 912 a  
TG  0.39 1.38 a 0.44 a 0.17 a 0.33 a 361 a 58.1 14.8 a 51.2 a 582 b  
Shade (S)             
0  0.34 b 1.10 c 0.35 b 0.16 0.24 c 306 67.1 a 12.7 c 32.8 b 607 c  
40  0.41 a 1.38 b 0.36 ab 0.16 0.29 b 319 57.9 b 14.3 b 37.2 b 783 b  
60  0.42 a 1.57 a 0.38 a 0.17 0.32 a 353 47.8 c 15.4 a 45.1 a 851 a  
Fe (kg ha-1)            
0  0.40 1.33 0.37 0.16 0.27 134 c 55.8 13.8 38.4 769  
3  0.39 1.36 0.37 0.17 0.29 388 b 58.6 14.4 38.9 759  
5  0.38 1.35 0.36 0.16 0.29 457 a 58.4 14.0 37.8 713  
Turf*Shade (T*S)            
Turf Shade 
DZ 0 0.35 c 1.08 0.29 c 0.15 0.22 d 269 57.5 bc 11.7 24.0 d 857 bc  
 40 0.42 ab 1.31 0.30 c 0.17 0.25 c 311 65.0 b 13.8 24.0 d 965 a  
 60 0.40 b 1.57 0.29 c 0.16 0.27 c 293 48.7 d 14.6 28.7 d 915 ab  
TG 0 0.33 c 1.12 0.41 b 0.17 0.27 c 343 76.7 a 13.6 41.6 c 356 e  
 40 0.41 b 1.44 0.43 b 0.16 0.34 b 327 50.8 cd 14.8 50.4 b 602 d  
 60 0.44 a 1.58 0.47 a 0.17 0.38 a 414 46.8 d 16.1 61.6 a 787 c  
Turf*Fe (T*Fe)            
Turf Fe (kg ha-1) 
DZ 0 0.417 a 1.34 bc 0.30 0.16 0.24 101 56.3 12.7 24.2 939  
 3 0.377 c 1.31 c 0.29 0.16 0.24 353 59.3 14.1 26.7 925  
 5 0.372 c 1.31 c 0.29 0.16 0.25 418 55.6 13.3 25.8 873  
TG 0 0.380 bc 1.33 bc 0.43 0.16 0.31 166 55.4 15.0 52.5 599  
 3 0.407 ab 1.42 a 0.45 0.17 0.34 423 57.8 14.8 51.2 593  
 5 0.393 abc 1.39 ab 0.43 0.17 0.33 495 61.1 14.8 49.8 552  
 ANOVA 
Source Df            
Turf 1 NS ** *** * *** ** NS *** *** ***  
Shade 2 *** *** ** NS *** NS *** *** *** ***  
Fe 2 NS NS NS NS NS *** NS NS NS NS  
T*S 2 ** NS * NS *** NS *** NS * ***  
T*Fe 2 ** * NS NS NS NS NS NS NS NS  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried clipping samples. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.  
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Table 4.10. Tissue nutrient concentrations of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass (TG) in response to  
shade and iron (Fe) in round II (continued).  
Tissue Nutrient Concentration† (11/7/2017) 
  -------------------------------------- % ----------------------------------------   ----------------------------------- mg kg-1 ------------------------------------- 
Turf (T)  Pǂ K Ca Mg S Fe Mn Cu Zn Na  
DZ  0.391 b 1.456 b 0.340 b 0.181 0.295 b 510 69.5 a 16.5 b 34.7 b 686 b  
TG  0.453 a 1.622 a 0.503 a 0.186 0.356 a 505 60.4 b 19.0 a 70.1 a 942 a  
Shade (S)             
0  0.402 b 1.277 c 0.373 c 0.178 0.297 b 362 b 78.1 a 14.3 b 41.5 c 608 c  
40  0.453 a 1.585 b 0.420 b 0.181 0.335 a 417 b 63.3 b 19.7 a 53.4 b 732 b  
60  0.410 b 1.755 a 0.471 a 0.192 0.346 a 743 a 53.4 c 19.2 a 62.3 a 1101 a  
Fe (kg ha-1)            
0  0.430 1.513 0.442 a 0.191 0.314 b 160 c 67.1 17.1 53.0 843  
3  0.424 1.564 0.411 b 0.180 0.326 ab 566 b 62.9 18.1 50.9 795  
5  0.411 1.540 0.410 b 0.180 0.338 a 795 a 64.9 18.0 53.3 804  
Turf*Shade (T*S)            
Turf Shade 
DZ 0 0.367 c 1.267 c 0.301 0.165 b 0.257 298 c 71.4 bc 13.4 26.9 e 610 c  
 40 0.437 b 1.527 b 0.334 0.181 ab 0.304 401 c 75.7 ab 19.0 37.0 d 637 c  
 60 0.368 c 1.573 b 0.384 0.198 a 0.325 830 a 61.5 cd 17.2 40.3 d 810 b  
TG 0 0.438 b 1.286 c 0.445 0.192 a 0.336 426 c 84.9 a 15.1 56.2 c 907 c  
 40 0.469 a 1.643 b 0.505 0.182 ab 0.366 433 c 50.9 de 20.4 69.8 b 827 b  
 60 0.452 ab 1.937 a 0.558 0.186 a 0.367 655 b 45.4 e 21.3 84.2 a 1391 a  
Shade*Fe (S*Fe)            
Shade Fe (kg ha-1) 
0 0 0.407 1.266 0.388 0.183 0.286 115 f 81.3 13.8 41.5 637  
 3 0.407 1.284 0.361 0.174 0.298 381 de 77.8 14.5 40.0 598  
 5 0.394 1.281 0.370 0.178 0.306 590 c 75.3 14.5 43.1 590  
40 0 0.462 1.504 0.451 0.190 0.321 165 f 67.0 18.8 53.7 749  
 3 0.452 1.630 0.413 0.177 0.338 500 cd 60.0 20.4 51.7 680  
 5 0.446 1.622 0.396 0.177 0.346 586 c 63.0 20.0 54.8 767  
60 0 0.422 1.771 0.489 0.199 0.334 201 ef 53.2 18.7 63.8 1142  
 3 0.414 1.777 0.461 0.190 0.342 818 b 50.8 19.5 61.2 1106  
 5 0.394 1.718 0.464 0.186 0.362 1209 a 56.3 19.6 61.8 1053  
 ANOVA 
Source Df            
Turf 1 *** *** *** NS *** NS * *** *** ***  
Shade 2 *** *** *** NS *** *** *** *** *** ***  
Fe 2 NS NS * NS * *** NS NS NS NS  
T*S 2 * *** NS * NS * *** NS *** ***  
S*Fe 4 NS NS NS NS NS *** NS NS NS NS  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried samples. ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.  
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Table 4.10. Tissue nutrient concentrations of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass (TG) in response to  
shade and iron (Fe) in round II (continued).  
Tissue Nutrient Concentration† (12/19/2017) 
  -------------------------------------- % ----------------------------------------   ----------------------------------- mg kg-1 ------------------------------------- 
Turf (T)  Pǂ K Ca Mg S Fe Mn Cu Zn Na  
DZ  0.410 b 1.548 b 0.408 b 0.215 a 0.397 a 1462 86.0 a 21.3 b 44.9 b 850 b  
TG  0.437 a 1.716 a 0.513 a 0.159 b 0.366 b 1327 64.4 b 22.6 a 93.6 a 1269 a  
Shade (S)             
0  0.425 1.483 c 0.342 c 0.173 b 0.341 b 548 c 77.3 18.7 c 52.2 c 663 c  
40  0.414 1.656 b 0.458 b 0.182 b 0.364 b 1401 b 77.5 22.6 b 66.8 b 944 b  
60  0.431 1.756 a 0.582 a 0.206 a 0.440 a 2234 a 70.7 24.5 a 88.8 a 1571 a  
Fe (kg ha-1)            
0  0.427 1.587 0.471 0.191 0.318 c 121 c 73.8 20.4 b 69.3 1069  
3  0.421 1.637 0.463 0.186 0.390 b 1638 b 75.1 22.8 a 69.2 1053  
5  0.422 1.671 0.448 0.184 0.437 a 2424 a 76.6 22.7 a 69.2 1056  
Turf*Shade (T*S)            
Turf Shade 
DZ 0 0.423 b 1.558 c 0.291 0.187 c 0.331 d 445 81.9 ab 19.1 c 34.5 e 632 c  
 40 0.411 bc 1.572 c 0.391 0.210 b 0.358 bc 1535 97.9 a 22.7 b 46.3 d 779 c  
 60 0.396 c 1.513 cd 0.541 0.248 a 0.478 a 2405 78.2 bc 22.1 b 53.9 d 1139 b  
TG 0 0.427 b 1.408 d 0.393 0.159 d 0.352 cd 652 72.7 bcd 18.4 c 69.9 c 695 c  
 40 0.418 bc 1.741 b 0.524 0.154 d 0.345 cd 1267 57.2 d 22.6 b 87.4 b 1109 b  
 60 0.466 a 1.999 a 0.623 0.164 d 0.401 b 2063 63.2 cd 26.9 a 124 a 2003 a  
Turf*Fe (T*Fe)            
Turf Fe (kg ha-1) 
DZ 0 0.426 ab 1.517 0.401 0.216 0.316 106 82.8 19.4 42.3 815  
 3 0.407 bc 1.564 0.419 0.219 0.417 1635 91.8 22.7 47.2 875  
 5 0.397 c 1.562 0.404 0.210 0.458 2643 83.4 21.8 45.1 860  
TG 0 0.428 ab 1.657 0.540 0.165 0.320 137 64.9 21.4 96.4 1322  
 3 0.435 a 1.710 0.507 0.153 0.363 1641 58.4 22.9 91.2 1232  
 5 0.447 a 1.781 0.493 0.159 0.415 2204 69.8 23.6 93.4 1251  
Shade*Fe (S*Fe)            
Shade Fe (kg ha-1) 
0 0 0.419 1.416 c 0.347 0.171 0.309 f 95.0 e 79.3 17.2 50.5 668  
 3 0.414 1.406 c 0.332 0.170 0.332 def 697 d 81.6 18.9 51.3 634  
 5 0.441 1.627 b 0.347 0.178 0.384 cde 854 d 71.2 20.0 54.7 689  
40 0 0.428 1.689 b 0.475 0.188 0.316 f 118 e 74.9 20.5 66.4 967  
 3 0.412 1.630 b 0.471 0.183 0.385 cd 1780 c 75.7 23.9 65.9 904  
 5 0.404 1.650 b 0.428 0.175 0.390 c 2306 b 82.0 23.5 68.1 960  
60 0 0.434 1.656 b 0.590 0.213 0.329 ed 152 e 67.4 23.5 91.0 1572  
 3 0.438 1.878 a 0.585 0.205 0.453 b 2437 b 68.0 25.6 90.4 1622  
 5 0.421 1.738 ab 0.570 0.201 0.536 a 4112 a 76.5 24.5 84.9 1519  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried clipping samples. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level, NS = Not significant.  
174 
 
Table 4.10. Tissue nutrient concentrations of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass (TG) in response to  
shade and iron (Fe) in round II (continued).  
Tissue Nutrient Concentration† (12/19/2017) 
  -------------------------------------- % ----------------------------------------   ----------------------------------- mg kg-1 ------------------------------------- 
T*S*Fe  Pǂ K Ca Mg S Fe Mn Cu Zn Na  
Turf Shade Fe (kg ha-1) 
DZ 0 0 0.421 1.458 0.298 0.184 0.305 g 85.7 80.4 17.3 31.1 618  
  3 0.424 1.515 0.297 0.192 0.338 efg 622 97.8 19.9 36.8 621  
  5 0.423 1.701 0.278 0.186 0.350 defg 626 67.6 20.0 35.4 658  
 40 0 0.438 1.649 0.392 0.218 0.328 fg 102 93.6 20.2 43.6 759  
  3 0.401 1.523 0.407 0.215 0.415 cde 1901 95.2 24.7 46.8 769  
  5 0.394 1.543 0.375 0.199 0.405 cdef 2603 105 23.3 48.3 809  
 60 0 0.418 1.444 0.513 0.247 0.315 g 130 74.4 20.6 52.1 1069  
  3 0.395 1.655 0.552 0.251 0.499 b 2383 82.2 23.5 58.0 1235  
  5 0.374 1.441 0.557 0.245 0.619 a 4702 77.8 22.1 51.6 1114  
TG 0 0 0.417 1.373 0.396 0.159 0.313 g 104 78.1 17.1 69.9 717  
  3 0.403 1.297 0.366 0.148 0.326 g 771 65.3 17.9 65.9 648  
  5 0.459 1.553 0.417 0.170 0.417 cd 1082 74.8 20.1 73.9 719  
 40 0 0.417 1.729 0.557 0.159 0.305 g 133 56.1 20.8 89.2 1175  
  3 0.423 1.737 0.535 0.152 0.355 defg 1659 56.2 23.2 85.1 1039  
  5 0.414 1.756 0.480 0.151 0.375 defg 2009 59.2 23.8 87.9 1112  
 60 0 0.449 1.868 0.668 0.178 0.344 defg 173 60.4 26.3 130 2075  
  3 0.480 2.094 0.619 0.158 0.407 cde 2492 53.8 27.5 123 2009  
  5 0.469 2.034 0.582 0.157 0.453 bc 3522 75.2 26.9 118 1924  
 ANOVA 
Source Df            
Turf  1 *** *** *** *** * NS *** * *** ***  
Shade 2 NS *** *** *** *** *** NS *** *** ***  
Fe  2 NS NS NS NS *** *** NS ** NS NS  
T*S  2 *** *** NS *** * NS * ** *** ***  
T*Fe  2 * NS NS NS NS NS NS NS NS NS  
S*Fe  4 NS * NS NS ** *** NS NS NS NS  
T*S*Fe 4 NS NS NS NS * NS NS NS NS NS  
† Tissue nutrient concentration based on mg kg-1 of nutrient found in dried clipping samples. 
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 




Total Root and Verdure Biomass 
 Total root and verdure biomass was combined for round I and round II, because it 
was collected at conclusion of the study; therefore, a single analysis of round I and II is 
presented (Table 4.11; Figure 4.13, 4.14, and 4.15). Significant differences were observed 
for turfgrass cultivar and shade level. Diamond zoysiagrass had a higher total root and 
verdure biomass than Tifgrand bermudagrass (Figure 4.13). The highest total root and 
verdure biomass was observed under full-sunlight, and decreased under 40% (Figure 
4.14). Total root and verdure biomass did not differ between 40% and 60% shade. No 
differences in Fe level (Figure 4.15) or interactions between turfgrass cultivar, shade 
level, and Fe level were shown. 
Table 4.11. Total root and verdure biomass of Diamond zoysiagrass (DZ) and Tifgrand 
bermudagrass (TG) in response to shade and iron (Fe).      
Turf       g m-2ǂ      
DZ       53078 a      
TG       4080 b      
SE ±       609      
Shade             
0%       7403 a      
40%       3778 b      
60%       2899 b      
SE ±       655      
Fe (kg ha-1)            
0       4409      
3       5028      
5       4644      
SE ±       655      
 ANOVA 
Source  Df          
Turf   1    *      
Shade   2    ***      
Fe   2    NS      
ǂ Values followed by the same letter in the same column are not significantly different at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 




Figure 4.13. Total root and verdure biomass (g m-2) of Diamond zoysiagrass (DZ) and 













 Total biomass was combined for round I and round II because total root and 
verdure biomass was collected at the end of round II; thus, a single analysis 
encompassing round I and II is presented (Table 4.12; Figure 4.16, 4.17, and 4.18). 
Significant differences were only observed between turfgrass cultivars and levels of 
shade. Similar to total root and verdure biomass, Diamond zoysiagrass had a higher total 
biomass than Tifgrand bermudagrass (Figure 4.16). Total biomass was found to be 
highest under 0% shade, but there were no differences in total biomass between 40% and 
60% shade (Figure 4.17). No differences were shown between levels of Fe (Figure 4.18) 
or interactions between turfgrass cultivar, shade level, and Fe level. 
Table 4.12. Total biomass of Diamond zoysiagrass (DZ) and Tifgrand bermudagrass 
(TG) in response to shade and iron (Fe).        
Turfgrass      g m-2ǂ      
Diamond      5662 a      
Tifgrand      4397 b      
SE ±       614      
Shade             
0%       7731 a      
40%       4145 b      
60%       3214 b      
SE ±       660      
Fe (kg ha-1)            
0       4767      
3       5339      
5       4983      
SE ±       660      
    ANOVA 
Source  Df          
Turf   1    *      
Shade   2    ***      
Fe   2    NS       
ǂ Values followed by the same letter in the same column are not significantly different using Fisher’s 
protected LSD at α = 0.05. 
* Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 




Figure 4.16. Total biomass (g m-2) of Diamond zoysiagrass (DZ) and Tifgrand 













 Because a large portion of turf in the United States is grown under shade, methods 
to combat shade stress and to retain an acceptable turf quality are often evaluated and 
applied. One cultural practice, important to maintaining an acceptable turf, is selecting an 
appropriate shade tolerant turfgrass species and cultivar (Beard, 1973). Fertilization with 
micronutrients, such as iron and magnesium, has also been shown to be another 
beneficial practice applied to shaded turfgrasses (Beard, 1973).  
Our results suggest Diamond zoysiagrass to be more tolerant of shade, with 
consistently higher overall turfgrass quality, than Tifgrand bermudagrass. Similar results, 
in other studies, found Diamond to be more shade tolerant than shade tolerant 
bermudagrasses tested (Baldwin and Liu, 2008). However, both Diamond and Tifgrand 
maintained an acceptable turfgrass quality when grown under light to moderate shade. 
Diamond also displayed consistently higher NDVI reading compared to Tifgrand. 
Turfgrass quality and NDVI, following similar trends, were found to be higher 
under shade than full-sunlight in the beginning of each round but, as each round 
progressed both parameters were found to decrease under shade. At the conclusion of 
each round, turfgrass quality and NDVI were observed to be highest under full-sunlight, 
decreasing as shade level increased, and lowest under 60% shade where unacceptable 
turfgrass quality was found. These results support those of Baldwin et al. (2008) who 
found turfgrass quality of shade tolerant bermudagrass cultivars was unacceptable under 
64% continuous shade. 
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Applications of Fe were found to impact turfgrass quality the most, often higher 
where Fe was applied, and in some weeks observed to significantly increase as Fe level 
increased, likely due to an enhanced turfgrass color commonly seen after iron fertilization 
(Wehner, 1992). Although significant differences in interactions between shade level and 
Fe level were only shown in week 13 of round II, turfgrass quality was observed to 
increase under 40% shade in comparison to 60% shade. NDVI was impacted, similar to 
turfgrass quality, increasing under light to moderate shade where Fe was applied but Fe 
applications having no or little impacts under heavy shade. Fe level did not influence 
NDVI, rather shade and cultivar were more important predictors of NDVI. Fe level 
interacted with cultivar to influence NDVI only during week 14 of round II, with 
Tifgrand NDVI increasing as Fe level increased; for Diamond NDVI decreased with 
increasing Fe level.  
Chlorophyll Index was higher for Diamond than Tifgrand, and at the end of each 
round observed to be highest under full-sunlight, decreasing in order from full-sunlight to 
40% shade, to lowest under 60% shade. No differences in chlorophyll index were 
observed between levels of Fe, even though differences were found in interactions 
between (1) turfgrass cultivar and Fe level and (2) shade level and Fe level during week 
15 of round I. The impact of Fe treatments varied for each cultivar and under each level 
of shade. 
 Differences in clipping yield were observed between cultivars in July 10 sample 
of round I and the October 17 and November 7 samples of round II, Diamond had the 
highest clipping yield in all three samples. Shade level impacted clipping yield 
185 
 
differentially throughout both rounds. Initially, the first two samples in round I, clipping 
yield was higher under shade (both 40 and 60%). For the next four samples (latter 3 in 
round I and first in round II), clipping yield was highest for 40% shade; finally, in the last 
four samples collected in round II, clipping yields were lowest for turf grown in 60% 
shade. Increases in clipping yield in the beginning of the study are likely to be a result of 
both turfgrasses morphologically responding to the shade through stem and leaf 
elongation (McCarty, 2018). However, clipping yield may have decreased under 60% 
shade due to an overall reduction in photosynthate availability found by Kephart et al. 
(1992) to correlate with no observable elongation of stems under heavy shade. 
Applications of Fe were observed to decrease clipping yield compared to the control, but 
differences between Fe levels only occurred on 4/18/2017 of round I and 12/19/2017 of 
round II.  
Tissue nutrient concentrations of K, Ca, Cu, Fe, and Zn were found to be higher 
in Tifgrand than Diamond, whereas concentrations of P, Mg, S, Mn, and Na varied 
between samples and cultivars in both rounds. The higher nutrient concentrations 
observed in Tifgrand tissues may stem from morphological and physiological responses 
to shade, possibly indicating there may be less of an impact from light reduction on 
Diamond than Tifgrand (Baldwin et al., 2009a). 
Most tissue nutrient concentrations increased with shade level, with the exception 
of Fe and Mn in round I and Mg in round II, for two of three sample collections. In 
particular, K, Ca, S, Cu, Zn, and Na tissue concentrations were higher under shade than 
full-sunlight for all samples in both rounds of the study. Increases in the tissue 
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concentrations of P, Ca, and Mg under shade coincide with responses typically occurring 
under reduced irradiance, such as increased lignin, P, Ca, Mg, and proteins on a dry 
weight basis (Burton et al., 1959). Although these increases on a dry weight basis are 
mostly likely due to a decrease in the specific leaf dry weight, resulting from increases in 
tissue moisture content under shade (Beard, 1973; Prioul et al., 1980). 
Fe level directly impacted tissue Fe concentrations, with increasing Fe in tissues 
as Fe level increased throughout the study. Tissue S and Cu concentrations were also 
periodically higher in turfgrasses treated with 3 kg ha-1 Fe and 5 kg ha-1 Fe. Increases in 
both Fe and S tissue concentrations were expected because Fe treatments were foliar 
applied to the turf in the form of ferrous sulfate, dried [FeSO4·H2O]. 
 Total root and verdure biomass and total biomass were both higher for Diamond 
than Tifgrand. Total root and verdure biomass and total biomass were highest under full-
sunlight and lower under shade (40 and 60%). These results agree with findings from 
other studies where root and rhizome mass declined under shade (Burton et al., 1959; 
Qian et al., 1998).  
Conclusions 
 Results from this study show Diamond and Tifgrand were able to maintain an 
acceptable turfgrass quality under 40% shade, coinciding with other studies, 
demonstrating their relative tolerance to shade (Engelke et al., 2002; Hanna and Maw, 
2007; Baldwin and Liu, 2008). However, negative impacts from shading were observed 
on both turfgrasses and such impacts were greater under 60% shade. Negative impacts 
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from shade included decreased turfgrass quality, NDVI, shoot chlorophyll index, overall 
stand density, and increased shoot elongation.  
Only 30% of the time did Fe application enhance the quality of warm-season 
turfgrasses whether grown in full-sun or light shade. Increases in turfgrass quality likely 
stemmed from an enhancement in turf color commonly shown after foliar applications of 
Fe, although such color enhancement is noted to be typically short-lived on vigorously 
growing turfgrasses (Yust et al., 1984; Carrow et al., 1988; Wehner, 1992). 
Future research could be carried out to determine whether FeSO4 can be used to 
suppress moss and algae growth on warm-season turfgrasses, similar to a study done by 
Ervin et al. (2017) on creeping bentgrass. This research could be beneficial to warm-










Additional Tables and Figures 
 




























































Figure A.14. 0, 3, and 5 kg ha-1 Fe on Diamond zoysiagrass and Tifgrand bermudagrass 










Figure A.16. 0, 3, and 5 kg ha-1 Fe on Diamond zoysiagrass and Tifgrand bermudagrass 























Figure A.21. Trinexapac-ethyl (Primo Maxx, 11.3% active ingredient) applied at the 




Figure A.22. 10N-1.3P-4.2K fertilizer applied at a rate of 9.76 kg ha-1 of Nitrogen every 




Figure A.23. Monthly and historical average precipitation (cm) from May to November 




Figure A.24. Monthly and historical average maximum temperatures (°C) from May to 




































































Figure A.25. Monthly and historical average minimum temperatures (°C) from May to 
November of 2017 and 2018 in Clemson, SC. 
 
 
Table A.1. Greenhouse light data relative to full-sun.  
Estimated Shade % Measured Shade %†  




SE ± 18.45   


























Table A.2. Greenhouse and field light measurements raw data       
Date Time Weather Location Shade % Reading 1
*
 Reading 2 Reading 3 Avg Avg 
  --------------------- (µmol m-2 s-1) ------------------- (lux)   
 -------------------------------------------------------------------- Greenhouse Study --------------------------------------------------------------------  
4/27/18 13:05 Clear Inside 0 233.4 234.4 234.8 234.2 12647   
 13:06 Clear Inside 60 73.15 73.19 72.89 73.08 3946   
 13:08 Clear Inside 40 116.84 115.51 115.38 115.91 6259   
 13:08 Clear Outside None 290.4 289.3 289.7 289.8 15649   
 13:10 Clear Outside Solidǂ 21.93 21.89 21.95 21.92 1184   
4/30/18 16:45 Clear Inside 0 141.2 141.9 141.7 141.6 7646   
 16:47 Clear Inside 40 59.9 60.1 60.3 60.1 3245   
 16:49 Clear Inside 60 44.9 43.6 43.3 43.9 2372   
 16:52 Clear Outside None 183.0 182.9 182.8 182.9 9877   
 16:55 Clear Outside Solidǂ 12.0 12.1 12.9 12.3 666   
5/5/18 16:48 Cloudy Inside 0 30.26 30.18 30.01 30.15 1628   
 16:49 Cloudy Inside 60 10.37 10.41 10.36 10.38 561   
 16:51 Cloudy Inside 40 14.51 14.51 14.41 14.48 782   
 16:52 Cloudy Outside None 57.98 55.92 55.70 56.53 3053   
 16:53 Cloudy Outside Solidǂ 14.52 14.63 14.39 14.51 784   
 ------------------------------------------------------------------------ Field Study ------------------------------------------------------------------------  
4/27/18 13:18 Clear Full-sun None 307.3 308.4 306.9 307.5 16607   
 13:21 Clear Shade Tarp 40 157.8 159.2 158.6 158.5 8561   
4/30/18 16:29 Clear Full-sun None 227.8 228.2 227.2 227.7 12298   
 16:31 Clear Shade Tarp 40 110.9 111.4 112.6 111.6 6028   
5/5/18 17:12 Cloudy Shade Tarp 40 28.74 27.68 27.70 28.04 1514   
 17:15 Cloudy Full-sun None 57.55 57.02 56.83 57.13 3085   
* Measured using LI-COR (Model LI-250) light meter 




Wet Ashing Procedure for using HNO3+30%H2O2 
A wet ashing procedure for using HNO3+30%H2O2 was utilized determine P, K, 
Ca, Mg, S, Fe, Mn, Cu, and Zn tissue concentrations. For this procedure 0.5000 + 0.0005 
g was weighed into labeled 100 mL digestion tubes, 5 mL of HNO3 was added rinsing 
down the sides during the addition, and samples were left under a hood with no heat for 
30 minutes to predigest. After 30 minutes digestion tubes were placed on the digestion 
block and heated at 125°C for 1.5 hours. Samples were removed from the digestion block 
and cooled for a few minutes. After samples were cool 3 mL 30% H2O2 was slowly 
added rinsing down the sides during the addition, froth was allowed to settle, and tubes 
were placed back on the digestion block and heated for 1 hour. Samples are then allowed 
to cool and addition of 3 mL 30% H2O2 is repeated, followed by increasing block 
temperature to 200°C and heating for 1 hour. This process should bring samples to 
dryness but, if sample is still wet after 1 hour heat longer. Dry samples were removed one 
by one from the block, 10 mL of 1:10 HNO3 was added, and allowed to cool for 15 
minutes. Once cool, samples were diluted with deionized water to 50 mL and shaken 
vigorously. The aliquot was transferred to labeled ICP (Model ARCOS FHS12, Ametek 
Materials Analysis Division, Spectro Analytical Instruments GmbH Boschstrasse 10, 
47533 Kleve, Germany) tubes for tissue nutrient analysis. To determine Na tissue 
concentration 1.000 g samples were weighed into a 150 mL beaker, 100 mL H2O was 
added, and placed on a stirrer for 30 minutes. The mixture was filtered with a metal filter 
and the filtrate was poured into a large test tube. For analysis, filtrate was transferred 
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from the large test tube into an ICP (Model ARCOS FHS12, Ametek Materials Analysis 
Division, Spectro Analytical Instruments GmbH Boschstrasse 10, 47533 Kleve, 





Soil Analysis Results 
Table C.1. Soil analysis results for greenhouse sand.      
 ---- pH ----  ------------------------------- mg kg-1 ------------------------------   
Soil Buffer P K Ca Mg Zn Mn Cu B Na  
6.2 8.0 2.5 8 107 15.5 0.55 1 0.1 0.05 7.7  
 
 
Table C.2. Soil analysis results for Diamond zoysiagrass under shade.         
  ---- pH ----  --------------------------------------- mg kg-1 ----------------------------------------  
Fe (kg ha-1) Soil Buffer P K Ca Mg Zn Mn Cu B Na Fe  
 ------------------------------------------------------------------------- 2017 -------------------------------------------------------------------------  
0 5.9 7.55 17 47.5 451.0 82.0 9.90 23.5 1.10 0.20 15.0 28.5  
1 5.8 7.55 17 51.5 482.0 84.0 16.20 25.5 1.20 0.25 11.0 26.4  
3 8.9 7.45 17 58.5 520.5 86.5 8.85 22.0 1.00 0.20 11.0 25.5  
5 6.0 7.50 17 54.0 562.0 88.5 9.40 23.5 1.05 0.25 12.5 21.2  
 ------------------------------------------------------------------------- 2018 -------------------------------------------------------------------------  
0 5.8 7.75 21 56.0 445.5 81.0 12.95 23.0 1.30 0.15 11.0    
1 5.8 7.70 22 61.0 483.5 81.5 11.25 28.0 1.10 0.20 10.0    
3 5.8 7.70 29 75.5 481.0 79.0 12.25 26.5 1.00 0.15 9.0    




Table C.3. Soil analysis results for Tifgrand bermudagrass under shade.         
  ---- pH ----  --------------------------------------- mg kg-1 ----------------------------------------  
Fe (kg ha-1) Soil Buffer P K Ca Mg Zn Mn Cu B Na Fe  
 ------------------------------------------------------------------------- 2017 -------------------------------------------------------------------------  
0 5.8 7.30 14.5 46.5 474.5 64.0 7.40 27.5 1.30 0.25 9.5 33.7  
1 5.6 7.50 12.5 34.0 452.5 64.5 7.45 31.5 1.25 0.25 9.0 29.6  
3 5.8 7.35 12.0 41.0 454.0 64.5 7.55 27.5 1.30 0.25 12.0 32.6  
5 5.6 7.50 11.5 43.5 417.5 59.0 7.10 26.5 1.30 0.20 10.0 27.4  
 ------------------------------------------------------------------------- 2018 -------------------------------------------------------------------------  
0 5.7 7.70 12.0 47.0 412.5 63.0 10.85 29.0 1.3 0.15 8.5    
1 5.8 7.70 15.0 49.0 410.5 62.5 13.00 28.0 1.1 0.15 11.5    
3 5.6 7.70 14.0 49.0 408.0 59.5 11.90 27.5 1.2 0.15 10.5    
5 5.6 7.65 13.5 51.5 366.5 53.5 10.00 24.5 1.1 0.15 9.5    
 
 
Table C.4. Soil analysis results for Diamond zoysiagrass under full-sun.         
  ---- pH ----  --------------------------------------- mg kg-1 ----------------------------------------  
Fe (kg ha-1) Soil Buffer P K Ca Mg Zn Mn Cu B Na Fe  
 ------------------------------------------------------------------------- 2017 -------------------------------------------------------------------------  
0 6.2 7.55 6.5 19.0 513 84.0 6.05 33.5 1.50 0.30 11.5 48.1  
1 6.1 7.50 7.0 20.5 556 88.5 5.70 37.0 1.45 0.25 12.5 35.7  
3 6.1 7.40 6.0 18.0 511 79.5 5.60 35.0 1.60 0.30 13.0 61.1  
5 6.0 7.55 7.0 22.0 538 80.5 6.10 39.0 1.50 0.30 12.5 46.4  
 ------------------------------------------------------------------------- 2018 -------------------------------------------------------------------------  
0 6.0 7.70 8.5 34.0 476.5 75.0 8.15 42.0 1.30 0.20 15.0    
1 6.1 7.70 7.0 31.5 478.5 76.0 8.85 45.0 1.55 0.20 15.0    
3 6.0 7.70 6.0 27.0 502.0 83.0 8.95 39.0 1.55 0.20 15.5    




Table C.5. Soil analysis results for Tifgrand bermudagrass under full-sun.         
  ---- pH ----  --------------------------------------- mg kg-1 ----------------------------------------  
Fe (kg ha-1) Soil Buffer P K Ca Mg Zn Mn Cu B Na Fe  
 ------------------------------------------------------------------------- 2017 -------------------------------------------------------------------------  
0 6.0 7.30 11.0 28.5 526.0 70.5 8.10 32.5 1.25 0.25 14 41.3  
1 6.0 7.60 7.5 29.5 544.0 76.5 8.35 33.0 1.20 0.25 11.5 36.0  
3 6.1 7.60 8.0 25.0 484.5 72.0 9.80 26.5 1.15 0.25 11.5 38.4  
5 6.0 7.55 2.0 6.0 11.5 16.5 0.7 0.5 0.3 0.25 0.5 29.8  
 ------------------------------------------------------------------------- 2018 -------------------------------------------------------------------------  
0 6.0 7.75 8.0 37.0 448.0 67 9.75 27.0 1.05 0.15 11.5    
1 6.0 7.70 7.0 36.5 438.5 66 7.40 24.5 1.05 0.15 11.0    
3 6.0 7.75 6.5 33.0 446.0 66 8.60 25.5 1.05 0.15 12.0    
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